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Title : !"#$%&'()"* '*+ +%#',)&)(- ". $/('0'"&)*1,'2/+ 3/"4"&-$/#2 

Abstract : 

56/ $')* ",7/8()9/2 ". (6)2 (6/2)2 :/#/ (" '22/22 (6/ ."#$%&'()"* '*+ +%#',)&)(- ". $/('0'"&)*1

,'2/+ 3/"4"&-$/#2 '2 ' ,)*+/# ."# 8)9)& /*3)*//#)*3 $'(/#)'&2; </"4"&-$/#2 '#/ '&0'&)1'8()9'(/+ 

$'(/#)'&2= (6/- '#/ )*8#/'2)*3&- 2(%+)/+ ,- (6/ )*(/#*'()"*'& 8"$$%*)(- '2 (6/- #/4#/2/*( '* 

'&(/#*'()9/ (" (#'+)()"*'& >"#(&'*+ 8/$/*(; 56/ .)#2( 4'#( ". (6)2 2(%+- 6'2 ,//* +/+)8'(/+ (" (6/ 

."#$%&'()"* ". (6/2/ $'(/#)'&2? /@8&%2)9/&- $'+/ .#"$ .&'26 $/('0'"&)* '*+ 2"+)%$ 2)&)8'(/? 

:6)86 6'2 26":* 4/#."#$'*8/2 8"$4'#',&/ (" ' ABC D EF;E; G 46-2)8"86/$)8'& 

86'#'8(/#)H'()"* '*+ ' 2(%+- ". (6/ 4"#"%2 */(:"#0 6'9/ 6)36&)36(/+ +)../#/*8/2 ,/(://* (6/2/ 

(:" $'(/#)'&2 '*+ '&&":/+ +/9/&"4)*3 ' +'(','2/ "* (6/ 86'#'8(/#)2()82 ". (6/ $'(/#)'&; 56/ 

'86)/9/$/*( ". 8"*8#/(/? %4 (" 4#/8'2( 4&'*(? 26":/+ (6/)# ',)&)(- (" 8"$4&/(/&- 2%,2()(%(/ 0*":* 

6-+#'%&)8 ,)*+/#2? )* (/#$2 ". :"#0',)&)(- '*+ 8"$4#/22)9/ 2(#/*3(6; I%#',)&)(- )22%/2 #/&'(/+ (" 

(6/ 6)36 '&0'&) 8"*(/*( )* (6)2 $'(#)@ :/#/ '22/22/+ ,- 2(%+)/2 "* '&0'&)12)&)8' #/'8()"* '*+ 

8'#,"*'()"*; 56/ #/2%&(2 ",(')*/+ 6'9/ 8"*8&%+/+ (6'( (6/ '&0'&)12)&)8' #/'8()"* :"%&+ *"( ,/ 

+/(#)$/*('& )* ' $'(#)@ ". $/('0'"&)* '8()9'(/+ ,- 2"+)%$ 2)&)8'(/? '*+ (6'( (6/ 9/#- #'4)+ 

#/'8()"* ". (6/ '&0'&)2 )* (6/ 3/"4"&-$/# 4'2(/2 4"#/ 2"&%()"* :)(6 '($"246/#)8 AJF +" *"( &/'+ 

(" ' 2)3*).)8'*( +#"4 ". (6/ 8"*8#/(/ 4K? :6)86 8"%&+ ,/ +/(#)$/*('& )* 8/$/*( $'(#)@? ,%( 8"%&+ 

&/'+ (" (6/ '44/'#'*8/ ". /..&"#/28/*8/ "* (6/ 2%#.'8/2 ". 3/"4"&-$/#; 

Key-words : </"4"&-$/# = C/('0'"&)* = I%#',)&)(-= G&0'&)12)&)8' #/'8()"* = A'#,"*'()"* 
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Titre : !"#$%&'()"* /( +%#',)&)(L +/2 3L"4"&-$M#/2 N ,'2/ +/ $L('0'"&)* 

Résumé : 

O/2 4#)*8)4'%@ ",7/8().2 +/ 8/((/ (6M2/ L(')/*( +PL9'&%/# &' ."#$%&'()"* /( &' +%#',)&)(L +/2 

3L"4"&-$M#/2 N ,'2/ +/ $L('0'"&)* %()&)2L2 8"$$/ &)'*(2 +'*2 +/2 $'(L#)'%@ +/ 8"*2(#%8()"*; 

O/2 3L"4"&-$M#/2 2"*( +/2 $'(L#)'%@ N '8()9'()"* '&8'&)*/ .')2'*( &P",7/( +PL(%+/2 +/ 4&%2 /* 4&%2 

*"$,#/%2/2 +/ &' 8"$$%*'%(L )*(/#*'()"*'&/ 8'# )&2 #/4#L2/*(/*( %*/ '&(/#*'()9/ '%@ 8)$/*(2 

>"#(&'*+ (#'+)()"**/&2; O' 4#/$)M#/ 4'#()/ +/ 8/((/ L(%+/ ' +"*8 L(L +L+)L/ N &' ."#$%&'()"* +/ 8/2 

$'(L#)'%@ #L'&)2L2 /@8&%2)9/$/*( N 4'#()# +/ $L('0'"&)* .&'26 /( +/ 2)&)8'(/ +/ 2"+)%$ /( ' 4/#$)2 

+/ $/((#/ /* L9)+/*8/ +/2 4/#."#$'*8/2 8"$4'#',&/2 N %* ABC D EF;E; Q*/ 8'#'8(L#)2'()"* 

46-2)8"186)$)R%/ ')*2) R%P%*/ L(%+/ +% #L2/'% 4"#/%@ ' 2"%&)3*L &/2 +)..L#/*8/2 /*(#/ 8/2 +/%@ 

$'(L#)'%@ /( ' 4/#$)2 &PL&',"#'()"* +P%*/ ,'2/ +/ +"**L/ 2%# &/2 8'#'8(L#)2()R%/2 +% $'(L#)'%; O' 

#L'&)2'()"* +/ ,L("*? '&&'*( 7%2R%PN &' .',#)8'()"* /* %2)*/ +/ 4#L.',#)8'()"*? ' $"*(#L &' 8'4'8)(L 

+/2 3L"4"&-$M#/2 N #/$4&'8/# ("('&/$/*( &/2 &)'*(2 6-+#'%&)R%/2 8"**%2? /* (/#$/ +/ $)2/ /* 

S%9#/ /( +/ 4/#."#$'*8/2 $L8'*)R%/2; O/2 R%/2()"*2 +/ +%#',)&)(L &)L/2 '% ."#( ('%@ +P'&8'&)*2 

+'*2 8/((/ $'(#)8/ "*( L(L (#')(L/2 4'# +/2 L(%+/2 2%# &' #L'8()"* '&8'&)12)&)8/ /( 2%# &' 

8'#,"*'('()"*; O/2 #L2%&('(2 ",(/*%2 "*( 4/#$)2 +/ 8"*8&%#/ R%/ &' #L'8()"* '&8'&)12)&)8/ */ 2/#')( 

4'2 4#L7%+)8)',&/ +'*2 %*/ $'(#)8/ +/ $L('0'"&)* '8()9L 4'# +% 2)&)8'(/ +/ 2"+)%$? /( R%/ &' 

#L'8()"* (#M2 #'4)+/ +/2 '&8'&)*2 +/ &' 2"&%()"* )*(/#2()()/&&/ +/2 4T(/2 +/ 3L"4"&-$M#/ '9/8 &/ AJF 

'($"246L#)R%/ */ 8"*+%)#')( 4'2 N %*/ 86%(/ +/ 4K 2)3*).)8'()9/? 4#L7%+)8)',&/ +'*2 &/2 $'(#)8/2 

8)$/*(')#/2? $')2 .'8)&)(/#')( &U'44'#)()"* +U/..&"#/28/*8/2; 

Mots clés : <L"4"&-$M#/ = CL('0'"&)* = I%#',)&)(L = VL'8()"* '&8'&)12)&)8/ = A'#,"*'('()"*  
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OPL9"&%()"* +/2 8"**')22'*8/2 2%# &/2 3L"4"&-$M#/2 /( 4&%2 3L*L#'&/$/*( 2%# &/2 $'(L#)'%@ N 

'8()9'()"* '&8'&)*/? (/*+ N $"*(#/# R%P)&2 4"%##')/*( #/4#L2/*(/# %*/ '&(/#*'()9/ 9)',&/ '%@ 

&)'*(2 6-+#'%&)R%/2 (#'+)()"**/&2 4"%# &' ."#$%&'()"* +/ ,L("*; B* /../(? +/4%)2 $')*(/*'*( 

4&%2 +/ (#")2 +L8/**)/2? &/2 $'(L#)'%@ N '8()9'()"* '&8'&)*/ '44'#')22/*( 8"$$/ +/ *"%9/'%@ 

$'(L#)'%@ +/ 8"*2(#%8()"*? '9/8 %*/ #/86/#86/ '88#%/ 8/2 +/#*)M#/2 '**L/2? ('*( 4'# &' 

8"$$%*'%(L 28)/*().)R%/ )*(/#*'()"*'&/? R%/ 4'# &/2 )*+%2(#)/&2 +% +"$')*/ +% ,T()$/*(; I/ 

*"$,#/%2/2 8"*2(#%8()"*2 +'*2 &/ $"*+/ 9")/*( +L2"#$')2 &/ 7"%#? 8/4/*+'*( &P%()&)2'()"* 

+/  3L"4"&-$M#/2 #/2(/ (#M2 $)*"#)(')#/;  

 

O/ (/#$/ dC'(L#)'%@ N '8()9'()"* '&8'&)*/d /2( '44&)R%L N %*/ 8&'22/ +/ $'(L#)'%@ 2-*(6L()2L2 

4'# #L'8()"* +P%*/ 4"%+#/ '&%$)*"2)&)8'(L/ '9/8 %*/ 2"&%()"* '&8'&)*/; O/ (/#$/ 

d<L"4"&-$M#/d? )*9/*(L +'*2 &/2 '**L/2 W\^_ 4'# &/ 28)/*().)R%/ /( )*3L*)/%# .#'*e')2? >#".; 

f"2/46 I'9)+"9)(2? #/4#L2/*(/ %*/ 2"%214'#()/ +/ 8/((/ 8&'22/ +/ $'(L#)'%? &)$)(L/ N 

&P%()&)2'()"* +P%*/ 2"%#8/ '&%$)*"2)&)8'(L/ '-'*( %*/ .'),&/ (/*/%# /* 8'&8)%$? 8"$$/ &/2 

8/*+#/2 9"&'*(/2 +/ 8&'22/ ! "% &/ $L('0'"&)*; 

 

O/ $L('0'"&)* /2( %* 8"$4"2L ",(/*% 4'# 8'&8)*'()"* +P'#3)&/ 0'"&)*)(/? 2"%9/*( (#M2 4%# /( 

+"*8 #/&'()9/$/*( 8"g(/%@; G)*2)? $'&3#L &/2 *"$,#/%@ '9'*('3/2 $)2 /* '9'*( +'*2 &' 

&)((L#'(%#/ 28)/*().)R%/ 2%# &/2 3L"4"&-$M#/2 N ,'2/ +/ $L('0'"&)* h*"('$$/*( /* (/#$/ +/ 

4/#."#$'*8/ $L8'*)R%/? +/ #L2)2('*8/ N &P'8)+/? "% N &' (/$4L#'(%#/i? &P%()&)2'()"* +% 

$L('0'"&)* #/2(/ $'#3)*'& +'*2 &/2 L(%+/2 2%# &/2 3L"4"&-$M#/2 4"%# &' ."#$%&'()"* +/ ,L("*? 

/(? N *"(#/ 8"**')22'*8/? +/ (/&2 4#"+%)(2 *P/@)2(/*( 4'2 2%# &/ $'#86L +/2 $'(L#)'%@ 4"%# &' 

8"*2(#%8()"*; 

 

O/ 3#"%4/ ]BGA /2( %*/ /*(#/4#)2/ +/ 4#L.',#)8'()"* ,'2L/ N 5"%&"%2/? 8"$$/#8)'&)2'*( +/2 

2(#%8(%#/2 /* ,L("*; B&&/ (#'9')&&/ /* 4'#(/*'#)'( '9/8 &P/*(#/4#)2/ G#3L8" IL9/&"44/$/*(? 

4#"+%8(/%# +/ $L('0'"&)* +'*2 &/ 2%+1"%/2( +/ &' !#'*8/; O/ $L('0'"&)* 4#"+%)( +'*2 8/((/ 

#L3)"* L('*( #/&'()9/$/*( )$4%#? 2"* 8"g( +/ 4#"+%8()"* /2( $"+L#L? /( '22/H 4#"86/ +/ 8/&%) 

+% 8)$/*(; G)*2)? 8/((/ '22"8)'()"* 4/#$/((#')( %*/ #L/&&/ "44"#(%*)(L N &' 8"$$/#8)'&)2'()"* 

+/ 2(#%8(%#/ /* ,L("* +/ 3L"4"&-$M#/ N ,'2/ +/ $L('0'"&)*; A/4/*+'*(? 8"$$/ 8/2 $'(L#)'%@ 

2"*( 4/% #/4#L2/*(L2 +'*2 &' &)((L#'(%#/ 28)/*().)R%/? +/2 L(%+/2 '44#"."*+)/2 +% $'(L#)'%? +/ 

2/2 '44&)8'()"*2 4"22),&/2 /( +/ 2' +%#',)&)(L 2"*( *L8/22')#/2; 
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AP/2( +'*2 8/ 8"*(/@(/ R%/ 2/ 2"*( )*28#)(2 8/2 (#'9'%@ +/ (6M2/ '% O',"#'(")#/ C'(L#)'%@ /( 

I%#',)&)(L +/2 A"*2(#%8()"*2 hOCIAi +/ 5"%&"%2/? /* 8"*9/*()"* AD!VB '9/8 &' 2"8)L(L 

D?B;# @(0%&(-# 6%P%!? '.)* +/ ."%#*)# &/2 8"**')22'*8/2 *L8/22')#/2 N %*/ L9/*(%/&&/ 

8"$$/#8)'&)2'()"* +/2 3L"4"&-$M#/2 N ,'2/ +/ $L('0'"&)*; 

 

O/2 4#)*8)4'%@ ",7/8().2 +/ 8/((/ (6M2/ L(')/*( +"*8 +/ ."#$%&/# /( +/ 8'#'8(L#)2/# +/2 

3L"4"&-$M#/2 N ,'2/ +/ $L('0'"&)* 4"%# &' #L'&)2'()"* +/ ,L("*? /( +P/* L9'&%/# &/%# 

+%#',)&)(L; G.)* +U'((/)*+#/ 8/2 ",7/8().2? (#")2 L(%+/2 8"*2L8%()9/2 "*( L(L +L9/&"44L/2? 

286L$'()R%/$/*( #/4#L2/*(L/2 4'# &/ &"3)3#'$$/ 2%)9'*( j 

 

 

 

@+1*12O/P%!:#61%/(2&$01,#-3(,#20&,$#*!%61%/&,$#H;5&*0$%!#<J#

 

I'*2 8/ 4#/$)/# 86'4)(#/ +/%@ L(%+/2 "*( L(L $/*L/2 '.)* +/ #L4"*+#/ '%@ R%/2()"*2 

2%)9'*(/2 j  

à O/ 3L"4"&-$M#/ N ,'2/ +/ $L('0'"&)* 4"%##')(1)& k(#/ %*/ '&(/#*'()9/ 9)',&/ '% 8)$/*( 

>"#(&'*+ (#'+)()"**/& l 

à m%/&&/2 2/#')/*( &/2 4#"4#)L(L2 $"#46"&"3)R%/2? 46-2)R%/2 /( 86)$)R%/2 +/ 8/ &)'*( 

'&(/#*'(). l 
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A/ 4#/$)/# 86'4)(#/ ' +"*8 /% 4"%# ",7/8(). +PL(%+)/# &/2 4#"4#)L(L2 $L8'*)R%/2 /( 46-2)R%/2 

+/2 3L"4"&-$M#/2 N ,'2/ +/ $L('0'"&)* /( +/ &/2 8"$4'#/# N 8/%@ +% 8)$/*( >"#(&'*+ '.)* 

+UL9'&%/# &' 8'4'8)(L +/ 8/ $'(L#)'% N k(#/ %()&)2L 8"$$/ %* &)'*( 6-+#'%&)R%/ 8&'22)R%/; 

 

O' 4#/$)M#/ 4'#()/ +/ 8/ 86'4)(#/ ' L(L +L+)L/ N &PL(%+/ 4/#."#$'*()/&&/ +/2 $"#()/#2 +/ 

3L"4"&-$M#/ N ,'2/ +/ $L('0'"&)*; OU)$4"#('*8/ +/2 4#"4"#()"*2 $"&')#/2 +/2 R%'(#/ 

4#)*8)4'%@ 8"*2()(%'*( +% $L&'*3/ 2%# &/2 4/#."#$'*8/2 $L8'*)R%/2? 2"%9/*( 8)(L/ +'*2 &' 

&)((L#'(%#/? ' L(L 8"*.)#$L/ /( ' 8"*+%)( N &' +L(/#$)*'()"* +P%*/ ."#$%&'()"* "4()$'&/ /* 

(/#$/ +/ #L2)2('*8/ N &' 8"$4#/22)"*j '()*$+,-*.*/*&0-,'*.*1(2*34-,*.*/'*5-,; 

D& ' L(L $/2%#L R%/ &' #L2)2('*8/ N &' 8"$4#/22)"* ",(/*%/ 4"%# 8/((/ ."#$%&'()"* L(')( '% 

$")*2 L3'&/ N 8/&&/ +P%* 8)$/*( ABC D EF?E; A/ 8)$/*( ' +"*8 L(L 86")2) 8"$$/ 8)$/*( +/ 

#L.L#/*8/ 4"%# &/ #/2(/ +/ &PL(%+/;  

 

I/2 '9'*('3/2 8/#(')*2? 8"$4'#'()9/$/*( '% 8)$/*(? "*( L(L $)2 /* L9)+/*8/ &"#2 +/ 8/((/ 

L(%+/; D& ' L(L $"*(#L %*/ 8)*L()R%/ +/ 4#)2/ ,/'%8"%4 4&%2 #'4)+/ +% 3L"4"&-$M#/? R%) ' 

'((/)*( [_n +/ 8/2 4/#."#$'*8/2 $L8'*)R%/2 .)*'&/2 /* X 7"%#2? 8"*(#/ F[ 7"%#2 4"%# &/ 

8)$/*(; D& ' L3'&/$/*( L(L ",2/#9L %*/ #L2)2('*8/ N &' .&/@)"* 4&%2 )$4"#('*(/ R%/ 4"%# &/ 

8)$/*(; B* #/9'*86/? )& ' L(L *"(L %*/ ."#(/ (/*+'*8/ N &' .)22%#'()"* 2%4/#.)8)/&&/ +%/ N %* 

#/(#')( +/ +/22)88'()"* N 7/%*/ T3/? /( %*/ +)$)*%()"* +/2 4/#."#$'*8/2 $L8'*)R%/2 &"#2 +P%*/ 

8%#/ 2"%2 /'%; 

>'#'&&M&/$/*(? 8/((/ L(%+/ ' 4/#$)2 +/ $"*(#/# R%/ &' *"#$/ %()&)2L/ 4"%# &' .',#)8'()"* +/ 

$"#()/# +/ 8)$/*( L(')( '44&)8',&/ '%@ 3L"4"&-$M#/2? /( ' ."%#*) +/2 #/8"$$'*+'()"*2 

+U'$L&)"#'()"*? *"('$$/*( 2%# &/2 L86L'*8/2 +PL(%+/2 h^ 7"%#2 '% &)/% +/ F[ 7"%#2i /( &/2 

8"*+)()"*2 +/ 8"*2/#9'()"* h\En +P6%$)+)(L #/&'()9/ /( *"* 2"%2 /'%i; 

 

I'*2 %* 2/8"*+ (/$42? &' 8'#'8(L#)2'()"* 46-2)R%/? 86)$)R%/ /( $"#46"&"3)R%/ +/2 

3L"4"&-$M#/2 ' 4/#$)2 +/ 8"$4'#/#? N 4/#."#$'*8/ LR%)9'&/*(/? &/2 3L"4"&-$M#/2 '%@ 

8)$/*(2; I/2 L(%+/2 #L'&)2L/2 2%# &' #L'8()9)(L /( &' 8"$4"2)()"* 86)$)R%/ +/ 8/((/ $'(#)8/ "*( 

$)2 /* L9)+/*8/ %*/ 3L"4"&-$L#)2'()"* R%'2)1("('&/ /( $")*2 /@"(6/#$)R%/ R%/ &P6-+#'('()"* 

+% 8)$/*( N 2/%&/$/*( ^ 7"%#2; O' 8'#'8(L#)2'()"* +% 3L"4"&-$M#/ +%#8) ' $"*(#L &' ."#$'()"* 

+P%*/ 2(#%8(%#/ '$"#46/ 6"$"3M*/ /( 2(',&/ +'*2 &/ (/$42? )+/*().)L/ 8"$$/ L('*( &/ 

3L"4"&-$M#/ o 4%# p? $')2 L3'&/$/*( %*/ 46'2/ 8#)2('&&)*/? 4#)*8)4'&/$/*( 8"$4"2L/ +/ 

R%'#(H? 4#"9/*'*( +/2 )$4%#/(L2 +% $L('0'"&)*;  
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Q*/ '((/*()"* 4'#()8%&)M#/ ' L(L 4"#(L/ N &PL(%+/ +% #L2/'% 4"#/%@? 8'#'8(L#)2()R%/ 4#)$"#+)'&/ 

+P%* &)'*(? R%) ' $"*(#L %* 9"&%$/ /( %*/ "#3'*)2'()"* +/ 4"#/ (#M2 +)..L#/*(/ +% 8)$/*( 

$'&3#L +/2 4/#."#$'*8/2 $L8'*)R%/2 2)$)&')#/2; D& ' ')*2) L(L $/2%#L 4"%# &' ."#$%&'()"* 

"4()$'&/ %* 9"&%$/ 4"#'& ("('& +/ Y\n? '9/8 %*/ "#3'*)2'()"* $"*"$"+'& +% #L2/'% 8/*(#L 

2%# +/2 8"&2 +P'88M2 '%@ 4"#/2 +/ WE*$ +/ +)'$M(#/; 

 

En conclusion de ces deux études, il a été noté que les données obtenues étaient en 

accord avec la littérature sur le sujet. Bien qu’il ait été montré un réel potentiel à 

l’utilisation des géopolymères à base de métakaolin comme liants, les différences 

fondamentales observées avec la matrice cimentaire rendent difficile l’évaluation des 

différentes applications possibles avec ce matériau ainsi que l’estimation de sa durabilité, 

particulièrement au vu de sa teneur élevée en alcalin. 

 

Q+$1,#-!#7+1*12O/P%!:#-(#4+$1,#62(0-!#&(#4+$1,#"!.#H;5&*0$%!#<<J#

 

O/2 L(%+/2 $/*L/2 +'*2 8/ 2/8"*+ 86'4)(#/ "*( /% 4"%# ",7/8(). +/ #L4"*+#/ '%@ R%/2()"*2 

2%)9'*(/2 j  

à m%/&&/2 2(#%8(%#/2 /* ,L("* 4"%##')/*( k(#/ #L'&)2L/2 '9/8 %* &)'*( 3L"4"&-$M#/l  

à O/ 3L"4"&-$M#/ 4"%##')(1)& k(#/ %()&)2L /* %2)*/ +/ 4#L.',#)8'()"* +/ &' $k$/ $'*)M#/ 

R%/ &/ 8)$/*( >"#(&'*+l 

I'*2 8/ +/%@)M$/ 86'4)(#/ 8"*2'8#L N &PL(%+/ +/2 ,L("*2 +/ 3L"4"&-$M#/ N ,'2/ +/ 

$L('0'"&)*? "* ' 86/#86L N +L(/#$)*/# R%/&&/2 '44&)8'()"*2 4"%##')/*( k(#/ #L'&)2',&/2? /( 2) 

8/#(')*/2 *"#$/2 8)$/*(')#/2 4"%9')/*( k(#/ '44&)8',&/2 N 8/2 $'(#)8/2; 

 

I'*2 %* 4#/$)/# (/$42? %*/ L(%+/ ' ')*2) L(L $/*L/ 2%# &' ."#$%&'()"* +/ 8/2 ,L("*2 '.)* 

+PL9'&%/# &/%# $'*)',)&)(L? &/%# 4"#"2)(L /( &/%# 4/#."#$'*8/ $L8'*)R%/; OPL(%+/ +/ &PL('( .#')2 

/( +/ &PL('( +%#8) +/2 ,L("*2 +/ 3L"4"&-$M#/ ' 4/#$)2 +/ #L9L&/# %*/ (#M2 &'#3/ 3'$$/ 

+P'44&)8'()"*2 4"22),&/2? '&&'*( +% ,L("* .&%)+/ '+'4(L N &' #L'&)2'()"* +/ 2(#%8(%#/2 '#$L/2? 

'%@ ,L("*2 (#M2 2/82 %()&)2L2 4"%# 4#"+%)#/ +/2 %*)(L2 +/ $'e"**/#)/;  

 

B* /../(? &/2 ."#$%&'()"*2 #L'&)2L/2 "*( $"*(#L +/2 8&'22/2 +/ 8"*2)2('*8/ '&&'*( +/ ]W N ]E 

hBc F_Z1Wi /( +/2 4/#."#$'*8/2 $L8'*)R%/2 8"$4#)2/2 /*(#/ W\ C>' /( ZE C>'; D& ' L(L *"(L 

%*/ (#M2 ."#(/ )*.&%/*8/ +/ &' (/*/%# /* /'% +% &)'*( 3L"4"&-$M#/ 2%# &' #L2)2('*8/ N &' 

8"$4#/22)"* N ^ 7"%#2? /* #/9'*86/ &' (')&&/ "% &' R%'*()(L +/ 3#'*%&'( "*( %* /../( *L3&)3/',&/; 
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O' 4"#"2)(L ("('&/ '88/22),&/ N &P/'% ",(/*%/ L(')( +/ W_n N F_n /* ."*8()"* +/2 ."#$%&'()"*2? 

/( '% 9% +/2 #L2%&('(2 ",(/*%2? %*/ ',2/*8/ +/ H"*/ +/ (#'*2)()"* N &P)*(/#.'8/ 

3L"4"&-$M#/a3#'*%&'( ' L(L 2%44"2L/; Q*/ L(%+/ L8"*"$)R%/ +% 4#)@ +% ,L("* 2'*2 (#'*24"#(? 

' #L9L&L R%/ &/ $M(#/ 8%,/ +/ ,L("* +/ 3L"4"&-$M#/ 4"%##')( k(#/ LR%)9'&/*( N 8/&%) +% 8)$/*(? 

N 8"*+)()"* +/ 9)2/# +/2 4/#."#$'*8/2 $L8'*)R%/2 L&/9L/2 h2%4L#)/%#/2 N Y_C>'i /( '9/8 %*/ 

2"&%()"* +P'8()9'()"* '-'*( %* 4#)@ LR%)9'&/*( N 8/&%) +% 8)$/*(; 

 

O' 3'$$/ +P'44&)8'()"*2 (6L"#)R%/$/*( #L'&)2',&/2 2/&"* &/ 2-2(M$/ *"#$'(). 8)$/*(')#/ ' L(L 

&/ 2%7/( 4#)*8)4'& +/ &' +/%@)M$/ 4'#()/ +/ 8/((/ L(%+/; O' #L'&)2'()"* +/ +/%@ 4"%(#/2 '#$L/2 

+/ X $M(#/2 +/ &"*3 '9/8 %*/ ."#$%&'()"* +/ ,L("* +/ 3L"4"&-$M#/ '-'*( %*/ 8&'22/ +/ 

8"*2)2('*8/ /*(#/ ]X /( ]Y? ' $"*(#L R%/ &/2 8&'22/2 +/ 8"*2)2('*8/ *"#$'&)2L/2 +/2 $'(#)8/2 

8)$/*(')#/2 4"%9')/*( 2P'44&)R%/# '%@ ,L("*2 +/ 3L"4"&-$M#/ N ,'2/ +/ $L('0'"&)* '8()9L 4'# 

+% 2)&)8'(/ +/ 2"+)%$? /* (/#$/ +/ #L'&)2'()"* +/ 2(#%8(%#/2 '#$L/2;  

 

O' #L'&)2'()"* +P%*)(L +/ $'e"**/#)/ /* %2)*/ +/ 4#L.',#)8'()"* ' L3'&/$/*( $)2 /* L9)+/*8/ 

&P'4()(%+/ +% 3L"4"&-$M#/ N 2/ 2%,2()(%/# '% 8)$/*( >"#(&'*+ (#'+)()"**/&; O' #L'&)2'()"* +/ 

,&"82 4&/)*2 ' $"*(#L +/2 4/#."#$'*8/2 2)$)&')#/2 '%@ ,&"82 +/ 8)$/*( 8"$$/#8)'&)2L2? /( 2/%& 

&/2 ,&"82 N 2&/!# -3&0% *P"*( 4'2 +"**L +/ #L2%&('( 8"*8&%'*( /( *L8/22)(/#')/*( %*/ 

"4()$)2'()"*; OP%()&)2'()"* +/ 3#'*%&'( ,)"2"%#8L? (/& R%/ &/ 86'*9#/ "% &/ ,")2? ' #L9L&L %*/ 

'44&)8'()"* )*(L#/22'*(/ 4"%# &/2 3L"4"&-$M#/2? $')2 *L8/22)(/#')( L3'&/$/*( +/2 L(%+/2 

2%44&L$/*(')#/2 +/ ."#$%&'()"* /( +P"4()$)2'()"*; B*.)* 8/((/ L(%+/? R%) ' *L8/22)(L 

&P%()&)2'()"* +/ (#")2 $'&'@/%#2 +)..L#/*(2? +/ W_O? F__O /( W$X? ' 4/#$)2 +/ $/((#/ /* 

L9)+/*8/ %*/ ',2/*8/ +P/../( +PL86/&&/ 4"%# 8/2 $'(L#)'%@; 

 

OP",2/#9'()"* +/2 +)..L#/*(/2 2(#%8(%#/2 #L'&)2L/2? N 8"%#( /( $"-/* (/#$/? ' #L9L&L +/%@ 

4#",&M$/2 &)L2 N &/%# +%#',)&)(L; D& ' *"('$$/*( L(L ",2/#9L &P'44'#)()"* +/ 8#)2('%@ ,&'*82 /* 

3#'*+/ R%'*()(L 2%# &/2 2%#.'8/2 +/ &' 4"%(#/ 2("80L/ /* /@(L#)/%# /( 2%# &/2 ,&"82; G22)$)&L2 N 

+/2 /..&"#/28/*8/2? 8/2 8#)2('%@ ,&'*82 )*+)R%/#')/*( %* 46L*"$M*/ +/ 8'#,"*'('()"* +g '% 

AJF '($"246L#)R%/? 8/ R%) ' L(L &P",7/( +% (#")2)M$/ 86'4)(#/ +/ 8/ $'*%28#)(; B*.)*? )& ' 

L3'&/$/*( L(L ",2/#9L %* 4#",&M$/ N &P)*(/#.'8/ /*(#/ &/ 3L"4"&-$M#/ /( &/ 3#'*%&'( %()&)2L2 

4"%# &' #L'&)2'()"* +/2 ,&"82? 4#",&M$/ R%)  4"%##')( k(#/ '22"8)L N %*/ #L'8()"* '&8'&)12)&)8/? '% 

9% +/ &' (/*/%# )$4"#('*(/ /* '&8'&)*; OPL9'&%'()"* +/ 8/((/ #L'8()"* +'*2 &' $'(#)8/ 

3L"4"&-$L#)R%/ ' ')*2) L(L &P",7/( +% R%'(#)M$/ 86'4)(#/ +/ 8/((/ (6M2/; 
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Cette étude a donc mis en évidence la capacité du géopolymère à se substituer au  ciment 

Portland traditionnel pour la formulation de béton et à mis en évidence son aptitude à 

être utilisé en usine de préfabrication au même titre que le ciment. Mais l’observation des 

structures réalisées a également révélé deux problèmes potentiels de durabilité liés à la 

réaction de carbonatation et à la nature des granulats utilisés. 

 

C(%&4020$+:#2!#-!'!,0%#-!#&2.&20,"#H;5&*0$%!#<<<#!$#<UJ#

 

A/((/ (#")2)M$/ 4'#()/ 9)2')( N L9'&%/# 2) &/2 46L*"$M*/2 8"**%2 8"$$/ 4#L7%+)8)',&/2 N &' 

+%#',)&)(L +/ &' $'(#)8/ 8)$/*(')#/ /* 4#L2/*8/ +U'&8'&)*2? 4"%9')/*( 2/ 4#"+%)#/ +'*2 &' 

$'(#)8/ +/ 3L"4"&-$M#/; OUL(%+/ +/ &' 8'#,"*'('()"* /( +/ &' #L'8()"* '&8'&)12)&)8/ "*( ')*2) L(L 

86")2)/2? 2%# &' ,'2/ +/2 #L2%&('(2 ",(/*%2 +'*2 &/ 86'4)(#/ DD; 

 

· ;&%41,&$&$01,#!$#!6621%!".!,.!#

 

O' 8'#,"*'('()"* +'*2 &/2 $'(L#)'%@ N ,'2/ +/ 8)$/*( >"#(&'*+ )$4&)R%/ &' #L'8()"* /*(#/ &/ 

+)"@-+/ +/ 8'#,"*/ '($"246L#)R%/ /( &/2 )"*2 8'&8)%$ 4#L2/*(2 +'*2 &' 2"&%()"* )*(/#2()()/&&/; 

O' ."#$'()"* +/ 8'#,"*'(/ +/ 8'&8)%$ /2( '&"#2 #/24"*2',&/ +/ &' +)$)*%()"* +% 4K +/ 8/((/ 

2"&%()"* N %*/ 9'&/%# )*.L#)/%# N \; A/((/ +)$)*%()"* +/ &' ,'2)8)(L 8"*+%)( N &' +L4'22)9'()"* 

+/2 '8)/#2 +/ #/*."#(? #/*+'*( ')*2) 4"22),&/ &/%# 8"##"2)"*; A/((/ ."#$'()"* +/ 8'#,"*'(/ /2( 

L3'&/$/*( 8"**%/ 4"%# k(#/ #/24"*2',&/ +/ &P'44'#)()"* +P/..&"#/28/*8/ N &' 2%#.'8/ +/2 

2(#%8(%#/2; I'*2 &/2 3L"4"&-$M#/2 N ,'2/ +/ $L('0'"&)* '8()9L 4'# %*/ 2"&%()"* +/ 2)&)8'(/ +/ 

2"+)%$? "q &' (/*/%# /* 8'&8)%$ /2( *L3&)3/',&/? &' 4#L2/*8/ +/ AJF +)22"%2 8"*+%)( N &' 

."#$'()"* +/ 8'#,"*'(/ +/ 2"+)%$; A/((/ +)..L#/*8/ +/ 4#"+%)( ."#$L +'*2 &/2 $'(#)8/2 

8)$/*(')#/2 /( 3L"4"&-$L#)R%/2 ' #/*+% &/2 *"#$/2 /@)2('*(/2 4"%# &/2 8)$/*(2? 2")( 

)*%()&)2',&/2? 2")( R%/2()"**',&/2; Q*/ L(%+/ ,'2L/ 2%# &P'*'&-2/ +/ &' 2"&%()"* )*(/#2()()/&&/ ' 

')*2) +g k(#/ +L9/&"44L/ +'*2 8/((/ L(%+/ '.)* +/ 4"%9")# L9'&%/# &/2 #)2R%/2 &)L2 N &' 8"##"2)"* 

4'# 8'#,"*'('()"*; 

 

OP'*'&-2/ +/ &' 2"&%()"* )*(/#2()()/&&/ +% 3L"4"&-$M#/ /* ."*8()"* +% (/$42 ' $"*(#L %*/ 

#L'8()"* +/ 8'#,"*'('()"* (#M2 #'4)+/ 8"$4'#L/ '%@ $'(#)8/2 8)$/*(')#/2? '9/8 %*/ 

8'#,"*'('()"* 4#/2R%/ ("('&/ /* 2/%&/$/*( WY 7"%#2 /* 8"*+)()"* *'(%#/&&/ hN F_rA /( \En 

+P6%$)+)(L #/&'()9/i; OP)$4'8( +/ 8/((/ 8'#,"*'('()"* 2%# &' 9'&/%# +/ 4K +/ 8/((/ 2"&%()"* ' 
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L(L L9'&%L N %* '*? /( ' $"*(#L %*/ 2(',)&)2'()"* N %*/ 9'&/%# +/ W_;E; A/ 4K L('*( */((/$/*( 

2%4L#)/%# N \? )& &)$)(/#')( +"*8 ."#(/$/*( &/2 #)2R%/2 +/ 8"##"2)"* +%2 N &' +L4'22)9'()"* +/2 

'8)/#2 +/ #/*."#(; B* #/9'*86/ &PL(%+/ #L'&)2L/ /* 8"*+)()"*2 '88L&L#L/2 2"%2 '($"246M#/ 

8"*8/*(#L/ N E_n +/ AJF? ' $)2 /* L9)+/*8/ %*/ +)..L#/*8/ +/ 46'2/ /*(#/ &/2 8'#,"*'(/2 /( 

&/2 ,)8'#,"*'(/2 +/ 2"+)%$ ."#$L2? ',"%()22'*( N %* 4K 4&%2 .'),&/? 2%28/4(),&/ +P)*+%)#/ +/2 

4#",&M$/2 +/ 8"##"2)"* 4'# 8'#,"*'('()"*; A/2 #L2%&('(2 2"%&)3*/*( %*/ %()&)(L &)$)(L/ +/ 

&P'44&)8'()"* +P/22')2 '88L&L#L2 4"%# &PL(%+/ +/ &' 8'#,"*'('()"* +'*2 &/2 3L"4"&-$M#/2? L('*( 

+"**L &' #'4)+)(L +/ &' #L'8()"* +'*2 8/2 2-2(M$/2 /( &/ .')( R%P)&2 ',"%()22/*( N %* 4#"+%)( +/ 

#L'8()"* *"* #/4#L2/*('(). +/ &' #L'8()"* /* 8"*+)()"* *'(%#/&&/;  

 

I/2 L(%+/2 $/*L/2 2%# &P/..&"#/28/*8/ +/2 3L"4"&-$M#/2? 9)' +/2 /22')2 /* 2/$)1)$$/#2)"* /* 

8"*+)()"*2 *'(%#/&&/2 /( '88L&L#L/2? "*( 8"*.)#$L 8/((/ +)..L#/*8/ +/ 46'2/ 8#)2('&&)*/ +/2 

8'#,"*'(/2 ."#$L2 /* ."*8()"* +% ('%@ +/ AJF +'*2 &P')#? $')2 *P"*( 4'2 $"*(#L +P)*.&%/*8/ 

2)3*).)8'()9/ 2%# &' 8#")22'*8/ *) &' R%'*()(L +/ 8/2 8#)2('%@; Q*/ L(%+/ +/2 4'#'$M(#/2 

)*.&%/*e'*( 8/((/ 8#")22'*8/ 8#)2('&&)*/ /* 8"*+)()"* *'(%#/&&/ ' #L9L&L &P)$4"#('*8/ +/ &' 

*'(%#/ +/ &P'&8'&)* %()&)2L 4"%# ."#$%&/# &/2 3L"4"&-$M#/2? /* $"*(#'*( R%/ &P%()&)2'()"* +/ 

4"('22)%$ N &' 4&'8/ +/ 2"+)%$ 4/#$/( +PL&)$)*/# &' ."#$'()"* +P/..&"#/28/*8/; O/ 8"g( +/2 

2)&)8'(/2 +/ 4"('22)%$ /2( 4'# 8"*(#/ 7%2R%UN (#")2 .")2 4&%2 L&/9L R%/ 8/&%) +/2 2)&)8'(/2 +/ 

2"+)%$; D& ' L3'&/$/*( L(L $"*(#L R%/ &PL('( +/ 2%#.'8/ +% 3L"4"&-$M#/ '9')( %*/ )*.&%/*8/ 

2)3*).)8'()9/ 2%# &P'44'#)()"* +/2 8#)2('%@ /( 4"%9')( 8"*+%)#/ N +U)$4"#('*(2 +"$$'3/2 

2%4/#.)8)/&2; B*.)*? '%8%* +/2 '3/*(2 #L+%8(/%#2 +P/..&"#/28/*8/ (/2(L2 +'*2 8/((/ L(%+/ *P"*( 

4/#$)2 +/ #L+%)#/ &' 8#")22'*8/ +/2 8#)2('%@ +'*2 &/2 2-2(M$/2 N ,'2/ +/ 2"+)%$; A/((/ L(%+/ 

+/2 /..&"#/28/*8/2 +'*2 &/2 3L"4"&-$M#/2 *L8/22)(/#')( +Pk(#/ 4"%#2%)9)/ '.)* +/ $)/%@ 

8"$4#/*+#/ &/2 $L8'*)2$/2 +P'44'#)()"* /( +/ (#"%9/# &/ $"-/* +/ &/2 L9)(/#; 

 

Cette étude a donc permis de conclure que, contrairement à la matrice cimentaire, la 

réaction de carbonatation ne représenterait pas un problème de durabilité dans les 

systèmes géopolymères à base de métakaolin, en ce qui concerne la corrosion par 

carbonatation. En revanche, il a été observé que les efflorescences induites à la suite de la 

carbonatation de la solution interstitielle des géopolymères pouvaient conduire, en plus 

des problèmes esthétiques, à d'importants dommages de surface. Cette étude a 

également fourni une approche expérimentale nouvelle pour évaluer l'impact de la 

carbonatation dans les géopolymères à base de métakaolin, qu’il serait intéressant de 

poursuivre et d'étendre à d'autres matériaux alcali-activés. 
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· >+&.$01,#&2.&20b"020.!#

 

A/ 86'4)(#/ ' L9'&%L &/ 8"$4"#(/$/*( +/2 3L"4"&-$M#/2 N ,'2/ +/ $L('0'"&)* /* 4#L2/*8/ +/ 

3#'*%&'(2 #L'8().2 N &' #L'8()"* '&8'&)12)&)8/ hVG]i; I/2 $"#()/#2 +/ 3L"4"&-$M#/ "*( ')*2) L(L 

#L'&)2L2 '9/8 +% $L('0'"&)* .&'26 /( %*/ 2"&%()"* +/ 2)&)8'(/ +/ 2"+)%$ /* 4#L2/*8/ +/ 2/4( 

2',&/2 +)..L#/*(2? 86'8%* '-'*( %* *)9/'% +/ #L'8()9)(L N &' VG] 9'#)',&/; 

 

I'*2 %* 4#/$)/# (/$42? &/ 8"$4"#(/$/*( +% 3L"4"&-$M#/ #L'&)2L '9/8 2)@ 2',&/2? '&&'*( +P%*/ 

#L'8()9)(L *%&&/ N (#M2 L&/9L/? ' L(L L9'&%L N &P')+/ +/ *"#$/2 /@)2('*(/2? /* $/2%#'*( 

#L3%&)M#/$/*( &' 9'#)'()"* +)$/*2)"**/&&/ /( &/ $"+%&/ +Ps"%*3 +-*'$)R%/ +/ $"#()/#2 

4&'8L2 +'*2 +/2 8"*+)()"*2 +/ (/2( '88L&L#L N Z_rA /( \En +U6%$)+)(L #/&'()9/ 7%2R%UN FE_ 

7"%#2; I/2 '*'&-2/2 CBt /( BI] "*( L3'&/$/*( L(L /../8(%L/2 N W^_ 7"%#2 4"%# 9)2%'&)2/# &/2 

4#"+%)(2 +/ #L'8()"* ."#$L2; Q*/ 8"$4'#')2"* '9/8 %* 8)$/*( >"#(&'*+ "#+)*')#/ ' L(L .')(/ 

4"%# ("%2 &/2 2',&/2 %()&)2L2 '.)* +/ 2P'22%#/# +/ &/%# #L'8()9)(L /( +/ 8"$4'#/# &' .'e"* +"*( &' 

VG] '../8(/ 8/2 +/%@ 2-2(M$/2; O/2 #L2%&('(2 "*( $"*(#L R%/ &/2 3L"4"&-$M#/2? /* +L4)( +/ 

&/%# 8"*8/*(#'()"* /* '&8'&)* (#M2 L&/9L/? L(')/*( 4&%2 N $k$/ +/ #L2)2(/# N &' VG] R%/ &/2 

$'(#)8/2 8)$/*(')#/2? /( R%P'%8%* 3"*.&/$/*( 8'#'8(L#)2()R%/ "% 4/#(/ 2)3*).)8'()9/ +/ #)3)+)(L 

*P"*( L(L ",2/#9L2 4"%# 8/2 $'(#)8/2; Q*/ /@8/4()"* ' 8/4/*+'*( L(L *"(L/ 4"%# &/ $"#()/# N 

,'2/ +/ 2',&/ +/ 9/##/ 8"*8'22L? "q %*/ ,')22/ 2)3*).)8'()9/ +/ &' #)3)+)(L ' L(L ",2/#9L/? ')*2) 

R%/ &' ."#$'()"* +U%*/ 8"%86/ +/ 3/& N &' 2%#.'8/ +/2 3#')*2 +/ 9/##/? $')2 2'*2 /*(#')*/# +/ 

3"*.&/$/*(; 

 

I'*2 %* 2/8"*+ (/$42? +/2 $/2%#/2 +/ 9'#)'()"* +)$/*2)"**/&&/ "*( L(L /../8(%L/2 2%# +/2 

$"#()/#2 +/ 3L"4"&-$M#/ 8"*(/*'*( +% 2',&/ (#M2 #L'8(). h"4'&/? 8"**% 8"$$/ &P%* +/2 

3#'*%&'(2 &/2 4&%2 #L'8().2 .'8/ N &' VG]i? +'*2 +)9/#2/2 8"*+)()"*2 +/ (/2( '88L&L#L h8"*+)()"* 

+/ 8%#/? (/$4L#'(%#/? /( +)$/*2)"* +/2 $"#()/#2i; A/2 $/2%#/2 "*( '22%#L &' .)',)&)(L +/2 

#L2%&('(2 4#L8L+/*(2 /* $"*(#'*( R%/? R%/&&/2 R%/ 2")/*( &/2 8"*+)()"*2 '44&)R%L/2? '%8%* 

3"*.&/$/*( *P/2( ",2/#9L; D& ' ("%( +/ $k$/ L(L *"(L %*/ /@4'*2)"* *"*1*L3&)3/',&/ hu _?Wni 

&"#2R%/ &/2 $"#()/#2 2"*( )$$/#3L2 +'*2 %*/ 2"&%()"* +/ WC +/ c'JK; A/4/*+'*(? 

&U'44'#)()"* +/ 8/2 3"*.&/$/*(2 *P'-'*( /% &)/% R%UN 4'#()# +/ WE_ 7"%#2 8"*(#/ $")*2 +/ ^ 7"%#2 

4"%# &/ 8)$/*(? 8/&' ' /*8"#/ 8"*.)#$L &' $/)&&/%#/ #L2)2('*8/ +/2 3L"4"&-$M#/2 .'8/ N &' 

VG]; 



Résumé en Français  

 

- 23 - 

 

B*.)*? %* /22') /* 8"*+)()"* *"*1'88L&L#L/ ' 4/#$)2 +/ 8"*8&%#/ R%/ $'&3#L &' 2L9L#)(L 4&%2 "% 

$")*2 )$4"#('*(/ +/2 (/2(2 %()&)2L2? &/2 3L"4"&-$M#/2 #L2)2(/*( $)/%@ R%/ &/2 8)$/*(2 N &' VG] 

/( R%/ &' #L'8()"* '-'*( &)/% /*(#/ %* 3L"4"&-$M#/ N ,'2/ +/ $L('0'"&)* /( %* 2',&/ #L'8(). 

*P/2( 4'2 +"$$'3/',&/ 4"%# &' 2(#%8(%#/; 

 

Ce dernier chapitre a ainsi montré que la réaction alcali-silice ne représenterait pas un 

problème de durabilité pour les structures faites en géopolymère à base de métakaolin. 

Ce résultat met en avant une application particulièrement intéressante pour ce liant 

alternatif, qui pourrait donc être utilisé avec des granulats réactifs à la RAS sans causer 

de dommage. Cependant, les différentes hypothèses présentées pour tenter d'expliquer 

l'absence de dommage dû à la RAS dans les géopolymères nécessiteraient d'être validées 

par des études complémentaires. 

 

O/2 ",7/8().2 8"*8/#*'*( &/2 L(%+/2 +/ ."#$%&'()"* /( +/ +%#',)&)(L +/2 3L"4"&-$M#/2 N ,'2/ +/ 

$L('0'"&)* .&'26? .)@L2 +'*2 8/ (#'9')& +/ (6M2/? "*( ')*2) L(L #/$4&)2 /( $M*/*( N +/ 

*"$,#/%2/2 4/#24/8()9/2 +PL(%+/2 2%44&L$/*(')#/2; B*(#/ '%(#/ j 

 

1 D& 2/#')( )*(L#/22'*( +PL(/*+#/ &PL(%+/ +/ ."#$%&'()"* #L'&)2L/ +'*2 &/ 4#/$)/# 86'4)(#/? 

' +P'%(#/2 2"%#8/2 +/ $L('0'"&)*? "% +P'%(#/2 2"&%()"*2 +P'8()9'()"*? 8"$$/ 

&P%()&)2'()"* +% 4"('22)%$ R%) 4/#$/((#')( +/ #L+%)#/ &P'44'#)()"* +P/..&"#/28/*8/2; 

 

1 B('*( +"**L &P'9'*('3/ 8/#(')* R%/ #/4#L2/*(/#')( %* &)'*( R%) */ 2/#')( *) 2%7/( N &' 

#L'8()"* '&8'&)12)&)8/? *) 2%7/( N &' 8"##"2)"* +/2 '#$'(%#/2 4'# 8'#,"*'('()"*? )& 2/#')( 

%()&/ +/ 4"%#2%)9#/ 8/2 +/%@ L(%+/2? R%) 4"%##')/*( ',"%()# N +/2 '44&)8'()"*2 

'9'*('3/%2/2 4"%# 8/ *"%9/'% &)'*( '&(/#*'().; 
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56/ /9"&%()"* ". 0*":&/+3/ "* 3/"4"&-$/#2 h<>i? '*+ $"#/ 3/*/#'&&- "* '&0'&) '8()9'(/+ 

$'(/#)'&2 hGGCi? (/*+2 (" 26": (6'( (6/- 8"%&+ 4"(/*()'&&- "../# '* /..)8)/*( '&(/#*'()9/ (" 

"#+)*'#- >"#(&'*+ 8/$/*( hJ>Ai )* 4'#()8%&'# '44&)8'()"*2; G&0'&)1'8()9'(/+ $'(/#)'&2 ,/3'* (" 

/$/#3/ '2 ' */: $'(/#)'& ."# 8)9)& /*3)*//#)*3 $"#/ (6'* (6#// +/8'+/2 '3"? '*+ #/8/*( -/'#2 

6'9/ 2//* '* )*8#/'2/ )* #/2/'#86 ,- (6/ )*(/#*'()"*'& 28)/*().)8 8"$$%*)(- '*+ '&2" ,- 

)*+%2(#)'& .)#$2; K":/9/#? )* (6/ $'*- 8"*2(#%8()"*2 8%##/*(&- %*+/# :'- )* (6/ :"#&+? (6/ %2/ 

". '8()9'()"* ". $/('0'"&)* '&"*/ #/$')*2 $'#3)*'&;   

 

56/ (/#$ d'&0'&)1'8()9'(/+ $'(/#)'&2d '#/ '44&)/+ (" ' 8&'22 ". 2"&)+ $'(/#)'&2 2-*(6/2)2/+ ,- 

(6/ #/'8()"* ". '* '&%$)*"2)&)8'(/ 4":+/# :)(6 '* '&0'&)*/ 2"&%()"*; 56/ (/#$ d3/"4"&-$/#d? 

8")*/+ )* (6/ W\^_2 ,- (6/ !#/*86 28)/*()2( '*+ /*3)*//# >#".; f"2/46 I'9)+"9)(2? #/4#/2/*(2 ' 

2%,14'#( ". (6)2 8&'22 ". $'(/#)'&2? &)$)(/+ (" (6/ %2/ ". '&%$)*"2)&)8'(/ 4":+/# 6'9)*3 &": 

8'&8)%$ 8"*(/*(? /;3; 8"'& .&- '26 "# $/('0'"&)*; 

 

C/('0'"&)* )2 ",(')*/+ ,- 8'&8)*'()"* ". 0'"&)* 8&'-? ".(/* 9/#- 4%#/ '*+ (6/#/."#/ 3/*/#'&&- 

#/&'()9/&- /@4/*2)9/; ]" +/24)(/ (6/ $'*- '+9'*('3/2 8)(/+ )* (6/ &)(/#'(%#/ h$/86'*)8'& 

4#"4/#()/2? #/2)2('*8/ '3')*2( (/$4/#'(%#/? '8)+ "# /@(/#*'& 2%&.'(/ '(('80i? $/('0'"&)* #/$')*2 

$'#3)*'& )* (6/ 2(%+- ". 3/"4"&-$/# ,)*+/# ."# (6/ #/'&)H'()"* ". 8"*8#/(/? '*+ (" "%# 

0*":&/+3/? *"*/ ". 2%86 4#"+%8(2 6'2 ,//* -/( 8"$$/#8)'&)H/+ )* (6/ 8"*2(#%8()"* .)/&+; !"# 

(6/2/ #/'2"*2? 2)3*).)8'*( +/.)8)/*8)/2 '44/'# )* (6/ 28)/*().)8 &)(/#'(%#/ "* (6/ '86)/9',&/ 

'44&)8'()"*2 :)(6 (6)2 ,)*+/# '*+ "* (6/ ,/6'9)"# ". (6/2/ $'(/#)'&2 "9/# ()$/; 56/ R%/2()"* ". 

(6/ +%#',)&)(- ". (6/ $/('0'"&)*1,'2/+ 3/"4"&-$/# '44/'#2 '2 ' $'7"# )22%/; 

 

D( )2 )* (6)2 8"*(/@( (6'( (6)2 (6/2)2 :"#02 :'2 8"*+%8(/+? )* AD!VB 8"*9/*()"* :)(6 (6/ 

8"$4'*- ]BGA @(0%&(-# 6%P%!"; ]BGA 3#"%4 )2 ' 4#/.',#)8'()"* 8"$4'*-? :6)86 :"#02 )* 

4'#(*/#26)4 :)(6 (6/ 8"$4'*- G#3/8" IL9/&"44/$/*(? 4#"+%8/# ". $/('0'"&)* )* (6/ ]"%(6 

`/2( ". !#'*8/; 56/ $/('0'"&)* 4#"+%8/+ )* (6)2 #/3)"* 6'2 (:" '+9'*('3/2j #/&'()9/&- 

)$4%#/? )(2 8"2( )2 $"+/#'(/ '*+ R%)(/ 2)$)&'# (" (6'( ". 8/$/*( '*+ '&2" )(2 8'&8)*'()"* 4#"8/22 

8'&&/+ v.&'26w? :6)86 $'0/2 )( ' &": /*9)#"*$/*('& )$4'8( 4#"+%8(; 56%2? (6)2 4'#(*/#26)4 

8"%&+ '&&": (6/ 4#"+%8()"* ". 3/"4"&-$/#1,'2/+ "* $/('0'"&)* '2 '* '&(/#*'()9/ ,)*+/# ."# 

8"*8#/(/; K":/9/#? *" 4#"+%8()"* :"%&+ ,/ 4"22),&/ :)(6"%( 4#)"# 28)/*().)8 2(%+- "* (6/ 

$'(/#)'&? )(2 ."#$%&'()"* '*+ )(2 +%#',)&)(-; 
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56/ $')* 4%#4"2/2 ". (6)2 (6/2)2 :/#/ (6%2 (" '22/22 (6/ ."#$%&'()"* '*+ +%#',)&)(- ". 

$/('0'"&)*1,'2/+ 3/"4"&-$/#2 '2 ' ,)*+/# ."# 8)9)& /*3)*//#)*3 $'(/#)'&2? :)(6 (6/ ')$ (" 

'*2:/# (6/ ."&&":)*3 R%/2()"*2j 

 

à A"%&+ (6/ $/('0'"&)*1,'2/+ 3/"4"&-$/# ,)*+/# ,/ '* /..)8)/*( '&(/#*'()9/ (" "#+)*'#- 

>"#(&'*+ 8/$/*(l G*+ :6'( :"%&+ ,/ )(2 86'#'8(/#)2()82 '*+ 4#"4/#()/2l 

 

à `6)86 8"*8#/(/ 2(#%8(%#/2 8"%&+ ,/ '86)/9/+ :)(6 (6)2 ,)*+/#l G*+ 8"%&+ )( ,/ %2/+ )* 

4#/8'2( 4&'*( )* (6/ 2'$/ :'- '2 >"#(&'*+ 8/$/*(l 

 

à `6'( +%#',)&)(- ."# (6/2/ 2(#%8(%#/2 )* 9)/: ". (6/)# 6)36 '&0'&)*/ 8"*(/*(l x*":)*3 

(6/ 4#",&/$2 ". 8'#,"*'()"* '*+ '&0'&)12)&)8' #/'8()"* 2"$/()$/2 ."%*+ )* >"#(&'*+ 

8/$/*( 8"*8#/(/? 6": (6/2/ 4'(6"&"3)/2 8'* '../8( 3/"4"&-$/# 8"*8#/(/2l 

 

D* "#+/# (" '86)/9/ (6/2/ ",7/8()9/2? (6#// 8"*2/8%()9/ 4'#(2 '#/ +/9/&"4/+? 286/$'()8'&&- 

#/4#/2/*(/+ ,- (6/ ."&&":)*3 +)'3#'$j 
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@!1*12O/!%:#61%/(2&$01,#16#&,#!660.0!,$#40,-!%#H;5&*$!%#<J#

 

D* (6/ 4%#4"2/ ". +/(/#$)*)*3 (6/ $/86'*)8'& 4/#."#$'*8/2 '86)/9',&/ :)(6 (6/ $/('0'"&)*1

,'2/+ 3/"4"&-$/# ,)*+/#? ' ."#$%&'()"* 2(%+- ,'2/+ "* (6/ 4/#."#$'*8/2 ". $"#('#2 )2 8'##)/+ 

"%( )* (6)2 .)#2( 4'#(? )* "#+/# (" ",(')* '* "4()$'& ."#$%&'()"* :)(6 (6/ #': $'(/#)'& 

8"*2)+/#/+; D* ' 2/8"*+ ()$/? 46-2)8'&? 86/$)8'& '*+ $"#46"&"3)8'& 86'#'8(/#)2'()"*2 ". (6/ 

3/"4"&-$/# '#/ %2/+ (" +/(/#$)*/ (6/ ,)*+/# 4#"4/#()/2? '*+ $'0/ 8"$4'#)2"*2? '( /R%)9'&/*( 

2(#/*3(62? ,/(://* 3/"4"&-$/#2 '*+ 8/$/*(; 

 

@!1*12O/!%#.1,.%!$!:#6%1/#62(0-#$1#-%O#.1,.%!$!"#H;5&*$!%#<<J#

 

Q2)*3 (6/ 0*":&/+3/ '8R%)#/+ )* (6/ ;5&*$!%# < "* (6/ 3/"4"&-$/# ,)*+/#? ' 8"*8#/(/ 

."#$%&'()"* 4&'* ."8%2/+ "* :"#0',)&)(-? 4"#"2)(- '*+ 8"$4#/22)9/ 2(#/*3(6? )2 8'##)/+ "%( )* 

"#+/# (" 9)/: :6'( '44&)8'()"*2 8"%&+ ,/ '86)/9',&/? '*+ (" 2// :6/(6/# 2"$/ 8/$/*( 

2('*+'#+2 8"%&+ ,/ '44&)/+ (" (6/2/ $'(#)8/2; 56/ #'*3/ ". (6/"#/()8'&&- ./'2),&/ '44&)8'()"*2 

)2 9'&)+'(/+ ,- (6/ $'*%.'8(%#/ ". #/)*."#8/+ 2(#%8(%#/2 '*+ $'2"*#- %*)(2 :)(6 4#"4/# 

/R%)4$/*(? %4 (" #/'&)2'()"* ". (/2(2 )* ' 4#/8'2( 4&'*(; 

 

C(%&4020$O:#$5!#6&$!#16#&2c&20"#H;5&*$!%#<<<#&,-#<UJ#

 

56)2 (6)#+ 4'#( ')$2 (" '22/22 :6/(6/# (6/ 8"*+)()"*2 0*":* (" ,/ +/(#)$/*('& (" (6/ +%#',)&)(- 

". 8/$/*()()"%2 $'(#)@? )* (6/ 4#/2/*8/ ". '&0'&)2? 8"%&+ "88%# )* 3/"4"&-$/# 2-2(/$; t'2/+ 

"* (6/ #/2%&(2 ",(')*/+ )* ;5&*$!%#<<? (6/ 2(%+- ". 8'#,"*'()"* '*+ '&0'&)12)&)8' #/'8()"* :'2 

86"2/*; 

 

· ;&%41,&$01,#&,-#!6621%!".!,.!#

 

56/ 8'#,"*'()"* ". >"#(&'*+18/$/*(1,'2/+ $'(/#)'&2 )*9"&9/2 (6/ #/'8()"* ,/(://* 

'($"246/#)8 AJF '*+ 8'&8)%$ )"*2 )* (6/ 4"#/ 2"&%()"*? &/'+)*3 (" (6/ +/4'22)9'()"* ". 2(//& 

#/)*."#8/$/*(2 '*+ (6/)# 4"22),&/ 8"##"2)"*? '*+ '&2" (" /..&"#/28/*8/; D* $/('0'"&)*1,'2/+ 

3/"4"&-$/# '8()9'(/+ ,- 2"+)%$ 2)&)8'(/? )* :6)86 8'&8)%$ )2 '&$"2( *"*1/@)2(/*(? (6/ 

4#/2/*8/ ". AJF :)&& &/'+ (" (6/ ."#$'()"* ". 2"+)%$ 8'#,"*'(/2;  
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G* /@4/#)$/*('& '44#"'86 +/9/&"4/+ "* 4K 2(%+- ". 3/"4"&-$/# 4"#/ 2"&%()"*? '( 9'#)"%2 

()$/ '*+ 8%#)*3 8"*+)()"*2? 8"%&+ '22/22 (6/ )$4'8( ". (6)2 8'#,"*'(/ ."#$'()"* "* (6/ #)20 ". 

8"##"2)"* '*+ /..&"#/28/*8/ ."#$'()"* )* (6/2/ 2-2(/$2? 6)36&)36()*3 (6/ 4"(/*()'& +%#',)&)(- 

)22%/2; 

 

· B2c&20d"020.&#%!&.$01,##

 

56/ '&0'&)12)&)8' #/'8()"* hG]Vi ,/6'9)"%# ". 3/"4"&-$/# )2 )*9/2()3'(/+ )* (6)2 ."%#(6 4'#(; 

56)2 :)+/&- 2(%+)/+ #/'8()"* )*9"&9)*3? )* >"#(&'*+ 8/$/*( 8"*8#/(/? (6/ 4#/2/*8/ ". 2"&%,&/ 

'&0'&)2? ' $")2( /*9)#"*$/*( '*+ (6/ 4#/2/*8/ ". '&0'&)1#/'8()9/ '33#/3'(/2? 8'%2/2 2)3*).)8'*( 

'*+ )##/9/#2),&/ +'$'3/2 )* 2(#%8(%#/2 +%/ (" 2:/&&)*3 ". (6/ 8"*8#/(/; 

G 2(%+- 8'##)/+ "%( "* (6/ +)$/*2)"* 86'*3/2 '*+ (6/ +-*'$)8 $"+%&%2 ". $/('0'"&)*1,'2/+ 

3/"4"&-$/# $"#('#2 4&'8/+ )* .'9"#',&/ 8"*+)()"*2? )* 4#/2/*8/ ". 2'*+ 6'9)*3 9'#)"%2 &/9/& 

". #/'8()9)(- (" G]V? '&&": (6/ '22/22$/*( ". (6/ #)202 '22"8)'(/+ (" (6)2 #/'8()"* )* 

3/"4"&-$/# 2-2(/$2; G 8"$4'#)2"* :)(6 '* "#+)*'#- >"#(&'*+ 8/$/*( hJ>Ai ."# '&& 

'33#/3'(/2 )2 */8/22'#- (" /*2%#/ (6/)# '&0'&)12)&)8' #/'8()9)(- '*+ 8"$4'#/ 6": (6/ G]V 

'../8(2 (6/2/ (:" $'(#)8/2; 

#

56/ 8"*8&%2)"* #/8'&&2 (6/ $')* #/2%&(2 ". (6/ )*9/2()3'()"*2 '*+ 4#"4"2/2 2"$/ 4/#24/8()9/2? 

:6)86 8"%&+ ,/ %2/+ ."# )*+%2(#)'& '44&)8'()"*2 "# ."# ' ,/((/# /9'&%'()"* ". (6/ +%#',)&)(- #)202 

)* $/('0'"&)*1,'2/+ 3/"4"&-$/# 2-2(/$; 
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67%6'/)01#2/,0'%

 

</"4"&-$/#2 '#/ '&%$)*"2)&)8'(/ $'(/#)'&2 ,/&"*3)*3 (" (6/ .'$)&- ". '&0'&)1'8()9'(/+ 

$'(/#)'&2; G&(6"%36 (6/ 3/"4"&-$/#)2'()"* #/'8()"* )2 2()&& *"( .%&&- %*+/#2(""+? $'*- 2(%+)/2 

6'9/ 26":* (6'( (6/ '8()9'()"* ". '* '&%$)*"2)&)8'(/ 2"%#8/? 2%86 '2 $/('0'"&)* "# .&- '26? ,- 

' 6)36&- ,'2)8 '&0'&)*/ 2"&%()"* #/2%&(2 )* (6/ ."#$'()"* ". '$"#46"%2 $'(/#)'&2 26":)*3 

2)$)&'# 8"$4#/22)9/ 2(#/*3(6 (" (6'( ". ' (#'+)()"*'& ,)*+/# $'+/ :)(6 "#+)*'#- >"#(&'*+ 

8/$/*( hJ>Ai; <)9/* (6/ 8%##/*( /*9)#"*$/*('& #/R%)#/$/*(2 ')$/+ '( #/+%8)*3 (6/ AJF 

)$4'8( ". (6/ 8"*2(#%8()"* )*+%2(#-? :6)86 )2 $')*&- +%/ (" (6/ 4#"+%8()"* ". 8/$/*(? (6/ 

'&(/#*'()9/ ". ' ,)*+/# 6'9)*3 (6/ 2'$/ 2(#/*3(6 ,%( 8"*(')*)*3 *" 8/$/*( )2 ' $'7"# )22%/; 

K":/9/#? +/24)(/ )(2 $/86'*)8'& 2)$)&'#)()/2? (6)2 $'(/#)'& 4#/2/*(2 $'*- 86/$)8'& '*+ 

$"#46"&"3)8'& +)../#/*8/2 :6)86 $'0/ )( +)..)8%&( (" 8"$4'#/ (" J>A? /24/8)'&&- 8"*2)+/#)*3 

(6/ /@)2()*3 2('*+'#+2;  

 

56/#/."#/ (6/ .)#2( 4'#( ". (6)2 2(%+- :'2 +/2)3*/+ (" '22/22 (6/ 4"22),)&)(- ". %2)*3 (6/ 

3/"4"&-$/# )* $"#('# '2 ' ,)*+/#; t'2/+ "* (6/ $"#('# 4/#."#$'*8/? (6/ $/86'*)8'& 2(#/*3(62 

)* .&/@)"* '*+ 8"$4#/22)"*? (6/ 0)*/()82 ". 2(#/*3(6 +/9/&"4$/*(? (6/ 8%#)*3 8"*+)()"*2? (6/ 

4#"4"#()"* ". 2'*+ '*+ (6/ $"+%&%2 ". )*+%2(#)'& 2"+)%$ 2)&)8'(/ :)&& ,/ '22/22/+ )* "#+/# (" 

8"$4'#/ 3/"4"&-$/# :)(6 ' ABC D ". (6/ 2'$/ 2(#/*3(6 8&'22 '*+ /9'&%'(/ (6/ '44&)8'()"* ". 

/@)2()*3 2('*+'#+2; D* ' 2/8"*+ 4'#(? (6)2 2(%+- :)&& ."8%2 "* (6/ 86'#'8(/#)2'()"* ". "4()$'& 

3/"4"&-$/# ."#$%&'()"*2? )* "#+/# (" 9)2%'&)H/ (6/ $'7"# +)../#/*8/2 ,/(://* J>A '*+ 

3/"4"&-$/# '( 2)$)&'# &/9/&2 ". 4/#."#$'*8/; ](%+)/2 ". (6/ #/'8()9)(-? (6/ .#// :'(/#? (6/ 

4"#"%2 */(:"#02? (6/ )$4%#)()/2 4#/2/*( '*+ (6/ 2(',)&)(- ". (6/ 3/"4"&-$/# :)&& ,/ 8'##)/+ "%( 

"9/# ()$/ (" ,/((/# %*+/#2('*+ $/('0'"&)*1,'2/+ 3/"4"&-$/#2 '*+ (6/)# 3/"4"&-$/#)2'()"* 

$/86'*)2$2; 

 

56)2 2(%+- :)&& /*',&/ (6/ 4"22),&/ '44&)8'()"*2 ". ' $/('0'"&)*1,'2/+ 3/"4"&-$/# ,)*+/# (" 

,/ +/.)*/+? '&&": %2 (" '*()8)4'(/ (6/ $/86'*)8'& 4/#."#$'*8/ &/9/&2 '*+ 46-2)8'& 

86'#'8(/#)2()82 +/4/*+)*3 "* (6/ ."#$%&'()"*? '*+ .)*'&&- 4#"9)+/ #/8"$$/*+'()"*2 "* (6/ 

$"+).)8'()"*2 (" ,/ '44&)/+ (" /@)2()*3 2('*+'#+2 ."# J>A;   
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667%-&050.>$&)@%A4*/%,"%,/B%

 1. Geopolymer and geopolymerisation 

 

</"4"&-$/#2 ,/&"*3 (" (6/ .'$)&- ". '&0'&)1'8()9'(/+ $'(/#)'&2? :6)86? %*&)0/ 8/$/*()()"%2 

$'(/#)'&2? #/R%)#/ '&0'&)2 (" 6'#+/*; 56/ (/#$ z3/"4"&-$/#P :'2 8")*/+ )* (6/ W\^_2 ,- (6/ 

!#/*86 28)/*()2( '*+ /*3)*//# >#".; f"2/46 I'9)+"9)(2 hI'9)+"9)(2? W\^Zi '*+ +/*"(/2 

'&%$)*"12)&)8'(/ )*"#3'*)8 4"&-$/#2 ",(')*/+ ,- '8()9'()"* ". '* '&%$)*"12)&)8'(/ 2"%#8/ 

6'9)*3 ' &": 8'&8)%$ 8"*(/*( ,- '* '&0'&)*/ 6-+#"@)+/ 2"&%()"* '( #""$ (/$4/#'(%#/ hI%@2"* 

/( '&;? F__^'i; 56/2/ $'(/#)'&2 '#/ $'+/ %4 ". (/(#'6/+#'& %*)(2 (6'( '#/  '&(/#*'(/&- &)*0/+ (" 

4"&-$/#)8 4#/8%#2"#2 ,- 26'#)*3 "@-3/* '("$2 h!)3%#/ Wi '*+ ."# :6)86 ' 86/$)8'& 

*"$/*8&'(%#/? 4#"4"2/+ ,- I'9)+"9)(2 6'2 ,//* /2(',&)26/+ %*+/# (6/ (/#$ 4"&-h2)'&'(/i? 

:6/#/ 2)'&'(/ )2 '* ',,#/9)'()"* ". 2)&)8"1"@"1'&%$)*'(/; 

 

 

6+789:*/;#@!1*12O/!%#$!%/0,1217O#*%1*1"!-#4O#LE#C&'0-1'0$"#HC&'0-1'0$":#effgJ#

 

5" ,'&'*8/ (6/ */3'()9/ 86'#3/? 4"2)()9/ )"*2 2%86 '2 x{ "# c'{ '#/ 4#/2/*( )* .#'$/:"#0 

8'9)()/2 hI'9)+"9)(2? W\\Y= I%@2"* /( '&;? F__^'i? &/'+)*3 (" ' .)*'& 2(#%8(%#/ &)0/ (6'( 

4#"4"2/+ ,- t'#,"2' /( '& hF___i? '2 #/4#/2/*(/+ )* !)3%#/ F? '*+ 8"##/24"*+)*3 (" (6/ 

."&&":)*3 86/$)8'& ."#$%&'j    

 

 

 

:6/#/ H )2 (6/ ])aG& $"&'# #'()"? C (6/ $"*"9'&/*( 8'()"*? * (6/ +/3#// ". 4"&-$/#)2'()"* '*+ 

: (6/ '$"%*( ". ,"%*+ :'(/#; 
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6+789:*-;#D!/0b".5!/&$0.#"$%(.$(%!#61%#S&d*12O"0&2&$!#*12O/!%#*%1*1"!-#4O#Q&%41"&:#I&.c!,M0!:#&,-##

95&(/&$(%71#HQ&%41"&#!$#&2E:#_hhhJ#

 

56/ $/86'*)2$2 ". 3/"4"&-$/#)2'()"* '#/ *"( .%&&- %*+/#2(""+ '( 4#/2/*(; 56/ .)#2( #/2/'#86/# 

(" 4#"4"2/ ' 3/*/#'& $/86'*)2$ ."# (6/ '&0'&) '8()9'()"* ". $'(/#)'&2 4#)$'#)&- 8"$4#)2)*3 

2)&)8' '*+ #/'8()9/ '&%$)*' :'2 <&%06"920- )* (6/ W\E_2 h<&%06"920-? W\EZi; K)2 $"+/& 

+)9)+/2 (6/ 4#"8/22 )*(" (6#// 2('3/2j h'i +/2(#%8()"*|8"'3%&'()"*= h,i 8"'3%&'()"*|

8"*+/*2'()"*= h8i 8"*+/*2'()"*|8#-2('&&)H'()"*; C"#/ #/8/*(&-? +)../#/*( '%(6"#2 h!/#*}*+/H1

f)$L*/H /( '&;? F__E= y'* I/9/*(/# /( '&;? F__^i have /@(/*+/+ <&%06"920-P2 (6/"#)/2 )* 

"#+/# (" /@4&')* (6/ 3/"4"&-$/#)2'()"* 4#"8/22 '2 ' :6"&/? &/'+)*3 I%@2"* /( '&; (" 4%,&)26 ' 

6)36&- 2)$4&).)/+ #/'8()"* $/86'*)2$ ."# 3/"4"&-$/#)2'()"* hI%@2"* /( '&;? F__^'i; 56)2 

#/'8()"* $/86'*)2$? 26":* )* !)3%#/ X? "%(&)*/2 (6/ 0/- 4#"8/22/2 "88%##)*3 )* (6/ 

(#'*2."#$'()"* ". ' 2"&)+ '&%$)*"2)&)8'(/ 2"%#8/ )*(" ' 2-*(6/()8 '&0'&) '&%$)*"2)&)8'(/;  

  

56)2 $"+/& 6'2 ,//* +)9)+/+ )*(" (6#// #/'8()"* 2('3/2 (6'( '#/ 8"*8%##/*( '*+ 4'#()'&&- 

#/9/#2),&/? ,- b% '*+ y'* I/9/*(/# hb% /( '&;? F___ij 

 

· V4&%1,""0.#/,0' ". (6/ '&%$)*"2)&)8'(/ 2"%#8/ (" ."#$ #/'8()9/ 4#/8%#2"#2 ])hJKiY 

'*+ G&hJKiY1;  

·  &"/)#2/#),'= '*+ #/'##'*3/$/*( ". '&%$)*"2)&)8'(/ 4#/8%#2"#2 (" ' $"#/ 2(',&/ 

2('(/; 

· -&.*/,0'aT0.>20'1&'"*/,0'j 4"&-$/#)2'()"* '*+ 4#/8)4)('()"* ". (6/ 2-2(/$? );/; (6/ 

8"*+/*2'()"* ". $"*" 2)&)8'(/2 '*+ $"*" '&%$)*'(/2 (" ."#$ ])1J1]) '*+ ])1J1G&;  
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6+789:*';#N0752O#"0/*2060!-#%!&.$01,#/!.5&,0"/#61%#

7!1*12O/!%0"&$01,#&..1%-0,7#$1#C()"1,:#:#=!%,i,-!Mb

L0/+,!M:#G%1'0":#:# (c!O:#G&21/1#&,-#C!'!,$!%E##

HC()"1,#!$#&2:#_hhj&J#

 

2. Raw materials and activating solutions 

 

G*- 2"%#8/ ". 2)&)8' '*+ '&%$)*' (6'( 8'* ,/ +)22"&9/+ )* '* '&0'&)*/ 2"&%()"* 8'* '8( '2 ' 

3/"4"&-$/# 4#/8%#2"# ,%( (6/ $"2( 8"$$"*&- %2/+ '&%$)*"12)&)8'(/ 2"%#8/2 '#/j 8&'22 ! .&- 

'26 "# $/('0'"&)* h>#"9)2 '*+ y'* I/9/*(/#? F__\i? /'86 "*/ 6'9)*3 +)../#/*( ])JF '*+ G&FJX 

$'22 8"*(/*(2 '*+ ' 9/#- &": #'(/ ". A'J '2 26":* )* !)3%#/ Y; C'*- 4%,&)8'()"*2 6'9/ 

#/./##/+ (" d2&'31,'2/+ 3/"4"&-$/#d ,%(? '2 26":* )* (6)2 +)'3#'$? (6/ 2&'3 6'2 ' *"*1

*/3&)3),&/ 8'&8)%$ 8"*(/*(? 2" )( :)&& *"( ,/ 8"*2)+/#/+ '2 ' #': $'(/#)'& ."# $'0)*3 

3/"4"&-$/# )* (6/ 8"*(/@( ". (6)2 2(%+-; 
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6+789:*<;#;&kdB2_k`dD0k_#$!%,&%O#-0&7%&/#16#.!/!,$0$01("#/&$!%0&2"#H6%1/# 1$5!,4&.5#!$#&2E:#_heeJ#

D* '++)()"* (" (6/ '&%$)*"2)&)8'(/ 2"%#8/? ' 86/$)8'& '8()9'("# )2 #/R%)#/+ (" )*)()'(/ (6/ 

3/"4"&-$/#)2'()"* #/'8()"*; 56/ '8()9'()*3 2"&%()"* )2 '* /22/*()'& /&/$/*( )* (6/ 

3/"4"&-$/#)2'()"* 4#"8/22 ,/8'%2/ )( )2 (6)2 2"&%()"* (6'(? +/4/*+)*3 "* )(2 R%'*()(- '*+ )(2 

8"*8/*(#'()"*? :)&& 4#"9)+/ (6/ $)@(%#/ :)(6 (6/ '&0'&)2 h'*+ )* 2"$/ 8'2/2 (6/ #/'8()9/ 2)&)8'i 

#/R%)#/+ (" )*)()'(/ (6/ #/'8()"* '*+ +/(/#$)*/ (6/ .)*'& 2(#%8(%#/ ". (6/ 8%#/+ $'(/#)'& 

hI%@2"* /( '&;? F__^,i; D* $"2( 8'2/2? (6/ '&%$)*"2)&)8'(/ $'(/#)'&2 '#/ '8()9'(/+ ,- ' 2"&%()"* 

". '&0'&) 6-+#"@)+/2 "# 2)&)8'(/2 %*+/# 6)3614K; ]"$/ #'#/ 2(%+)/2 8)(/ '8()9'()"* ,- 2%&.'(/ "# 

8'#,"*'(/? ,%( (6/2/ '8()9'("#2 '#/ 3/*/#'&&- #/&'(/+ (" '&0'&)1'8()9'(/+ 2&'32 h]6) /( '&? F__Zi; 

]/9/#'& 86'#'8(/#)2()82 ". (6/ '8()9'()*3 2"&%()"* 6'9/ ,//* &'#3/&- 2(%+)/+ )* (6/ &)(/#'(%#/? 

2%86 '2 (6/ *'(%#/ '*+ 8"*8/*(#'()"* ". (6/ '&0'&)? "# (6/ '$"%*( ". 2)&)8'? ,%( (6/ #/2%&(2 

",(')*/+ ."# $/('0'"&)* "# .&- '26 8'* ,/ 3/*/#'&)2/+ ,- (6/ 2(%+- ". I%@2"* /( '&; )* F__^? '2 

4#/2/*(/+ "* !)3%#/ E hI%@2"* /( '&;? F__^,i;  

 

56/ '%(6"#2 ",2/#9/+ (6'( (6/ 2(#/*3(6 )*8#/'2/+ '2 (6/ ])aG& $"&'# #'()" )*8#/'2/+? #/3'#+&/22 

". (6/ '&0'&) #'()"? .#"$ W;WE (" W;\_ '*+ (6/* ' 2$'&& +/8#/'2/ :'2 ",2/#9/+ )* 8"$4#/22)9/ 

2(#/*3(6 )* '&& 2/#)/2 ". 24/8)$/*2 ,/-"*+ ])aG& ~ W;\_; 56)2 26":2 (6'( (6/ 3/"4"&-$/# 

+/9/&"42 ,/((/# $/86'*)8'& 4#"4/#()/2 :6/* 2"$/ 2)&)8'(/2 '#/ 4#"9)+/+ ,- (6/ '8()9'()*3 

2"&%()"*? (6/ &":/2( 2(#/*3(62 ,/)*3 ",(')*/+ ."# (6/ W;WE ])aG& $"&'# #'()" 8"##/24"*+)*3 (" 

3/"4"&-$/#2 '8()9'(/+ ,- '&0'&) 6-+#"@)+/ "*&-; K":/9/#? (6/ '$"%*( ". 2)&)8' 4#"9)+/+ 

26"%&+ *"( ,/ ("" 6)36; !"# /@'$4&/? )* (6)2 2(%+-? )( :'2 2/( '( ])aG& ~ W;\_; V/3'#+)*3 (6/ 

+)../#/*( '&0'&) 8"*(/*(2? 24/8)$/*2 /@6),)( 2)$)&'# 8"$4#/22)9/ 2(#/*3(62 ."# ' 3)9/* ])aG& 

#'()"? 2%33/2()*3 (6'( (6/ +)../#/*8/ )* $/86'*)8'& 4#"4/#()/2 ,/(://* 24/8)$/*2 ". +)../#/*( 

'&0'&) $)@(%#/2 )2 ". (6/ "#+/# ". W_|F_n;   
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6+789:*=;#;1/*%!""0'!#"$%!,7$5"#16#7!1*12O/!%#"*!.0/!,"#"O,$5!"0"!-#&$#60'!#-066!%!,$#D0[B2#%&$01"#6%1/#&2c&20#

"12($01,"#l0$5#60'!#-066!%!,$#&2c&20#.&$01,#%&$01"#S&[mS&#n#\op#hEhh:#hE_q:#hEqh:#hEjq#&,-#eEhh:#HC()"1,#!$#&2E:#

_hhj4J#

3. Formulations and mechanical performance 

 

56/ 2)&)8'? '&%$)*)%$? '&0'&) '*+ :'(/# ,#"%36( (" (6/ $)@(%#/ ,- (6/ #': $'(/#)'&2 '#/ 

$/*()"*/+ )* (6/ &)(/#'(%#/ )* (6/ ."#$ ". (6#// $"&'# #'()"2? :6)86 '&&":/+ (6/ ("('& 

."#$%&'()"* ". ' 3/"4"&-$/# (" ,/ .)@/+j  

 

à $+,->&0-,'*

à 34-,>&0-,'%

à 5-,>34-,%

 

D* "#+/# (" 2// (6/ )*.&%/*8/ ". /'86 #'()" "* (6/ $/86'*)8'& 4#"4/#()/2 ". (6/ 3/"4"&-$/#? 

2"$/ '%(6"#2? /;3; x'$'&&"" /( '&; "# V":/&/2 /( '&; hx'$'&&"" /( '&;? F_W_= V":/&/2 /( '&;? 

F__Xi? 6'9/ 8"##/&'(/+ h'#().)8)'& */%#'& */(:"#0 )* (6)2 8'2/i +'(' 3'(6/#/+ )* (6/ &)(/#'(%#/ (" 

6)36&)36( (6/ ."#$%&'()"*2 &/'+)*3 (" (6/ 6)36/2( 4/#."#$'*8/2; 

 

!)3%#/ Z 4#/2/*(2 (6/ .)&&/+ 8"*("%# 4&"( $'+/ ,- x'$'&&"" /( '&; hF_W_i %2)*3 $"#/ (6'* ."#(- 

+'(' )(/$2 .#"$ (6/ &)(/#'(%#/ :6)86 )*+)8'(/ (6/ /../8( ". VFJaG&FJ h:6/#/ V~c' "# xi? 

])JFaG&FJX? '*+ KFJaVFJ $"&'# #'()"2 "* (6/ 8"$4#/22)9/ 2(#/*3(6 ". $/('0'"&)*1,'2/+ 

3/"4"&-$/#2; 56/ #/2%&(2 26": (6'( (6/ "4()$)2/+ ])JFaG&FJX? VFJaG&FJ? '*+ KFJaVFJ #'()"2 

(" '86)/9/ 6)36 8"$4#/22)9/ 2(#/*3(6 h%4 (" [_ C>'i 26"%&+ ,/ X;Z1X;[? W;_1W;F? '*+ W_1WW? 

#/24/8()9/&-; !)3%#/ Z, 8&/'#&- #/9/'&2 (6'( )*8#/'2)*3 (6/ KFJaVFJ #'()"2? :6)86 8"##/24"*+2 

(" )*8#/'2)*3 (6/ '$"%*( ". :'(/#? +#'2()8'&&- &":/#2 $/86'*)8'& 4/#."#$'*8/; 
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*6+789:*);#=022!-#.1,$1(%#*21$#16#.1/*%!""0'!#"$%!,7$5#"51l0,7#$5!#!66!.$#16#D0k_[B2_k`:#>_k[B2_k:#&,-#N_k[>_k#

%&$01"E#95!#(,0$#("!-#61%#$5!#.1,$1(%"#0"#$5!#IG&E#H\&/&2211#!$#&2:#_hehJE#

 

4. Microstructures and porous network 

 

56/ ."#$%&'()"* 4'#'$/(/# '../8(2 (6/ $/86'*)8'& 4/#."#$'*8/ ". ' 3/"4"&-$/# '*+ '&2" 

"(6/# 4#"4/#()/2? 2%86 '2 (6/ $)8#"2(#%8(%#/ "# (6/ 4"#"%2 */(:"#0; I%@2"* /( '&; hF__Ei 6'9/ 

4%,&)26/+ ]BC $)8#"3#'462 ". 3/"4"&-$/#2 /@6),)()*3 2)3*).)8'*( 86'*3/2 )* (6/)# 

$)8#"2(#%8(%#/ :)(6 9'#)'()"*2 ". (6/ ])aG& #'()"; 56/ '%(6"#2 2('(/ (6'(? ,/&": '* ])aG& $"&'# 

#'()" ". W;Y? 2"$/ %*#/'8(/+ 2"&)+ '&%$)*"2)&)8'(/ #/$')*2 '*+ (6/ $"#/ (6/ $"&'# #'()" 

)*8#/'2/2? (6/ $"#/ 6"$"3/*/"%2 (6/ 2(#%8(%#/ ,/8"$/2? :)(6 ' $'7"# 86'*3/ ,/(://* W;YE 

'*+ W;Z_? '2 8'* ,/ 2//* "* !)3%#/ ^' :6)86 26":2 ."%# ]BC $)8#"3#'462 ". 3/"4"&-$/# 

6'9)*3 '* ])aG& $"&'# #'()" ". h'i W;YE? h,i W;E_? h8i W;EE '*+ h+i W;Z_;  

 

 

6+789:*?E#&J#D?I#/0.%17%&*5"#16#7!1*12O/!%"#l0$5#D0[B2#p#H&J#eEgq:#H4J#eEqh:#H.J#eEqq#&,-#H-J#eErhs#4J#G1%!#

'12(/!#-0"$%04($01,#16#"1-0(/#7!1*12O/!%"#HC()"1,#!$#&2E:#_hhqJE#

 

56/ $)8#"2(#%8(%#/2 8"$4#)2/+ ,"(6 6"$"3/*/"%2 '*+ 4"#"%2 #/3)"*2 '*+ (6/ $"#/ (6/ ])aG& 

$"&'# #'()" )*8#/'2/+? (6/ $"#/ (6/ 6"$"3/*/"%2 4"#()"* )*8#/'2/+; A"*9/#2/&-? :6/* (6/ 

$"&'# #'()" )*8#/'2/+? (6/ $/'2%#/+ 4"#/ +)'$/(/# ,/8"$/ 2$'&&/#? .'&&)*3 .#"$ '* '9/#'3/ 

4"#/ +)'$/(/# ". FY *$ ."# ' #'()" ". W;WE (" ' +)'$/(/# ". '#"%*+ E *$ ."# ' #'()" ". F;WE? '2 

8'* ,/ 2//* )* !)3%#/ ^,; 

 

56)2 2(%+- 26":2? 6":/9/#? (6'(? #/3'#+&/22 ". (6/ '$"%*( ". 2)&)8' )*(#"+%8/+ )*(" (6/ 

$)@(%#/? (6/ 4"#/ +)2(#),%()"* #/$')*2 $"*"$"+'&; J(6/# '%(6"#2 6'9/ '&2" 26":* (6'( (6/ 
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'9/#'3/ 4"#/ +)'$/(/#2 ". 3/"4"&-$/#2 '#/ '&:'-2 8/*(#/+ "* ' 2)*3&/ 9'&%/ h$"*"$"+'& 

"#3'*)2'()"*i '*+ (6/ 86'*3/ ". ' 4'#'$/(/#? 2%86 '2 (6/ 8%#)*3 (/$4/#'(%#/ h!)3%#/ [ 

V"9*'*�0? F_W_i "# (6/ *'(%#/ ". (6/ '&0'&) hx "# c'? t"6/# ? F_WFi $/#/&- $"9/ (6/ '9/#'3/ 

9'&%/ ". (6/ 4"#/ +)'$/(/# ,%( *"( )(2 $"*"$"+'& +)2(#),%()"*; 56%2 (6/ 3/"4"&-$/# 4"#"%2 

2-2(/$ '44/'#2 (" ,/ R%)(/ +)../#/*( .#"$ (6'( ". (#'+)()"*'& 8/$/*(? :6)86 8"%&+ )$4&- 

+)../#/*8/2 )* 4/#."#$'*8/ "# +%#',)&)(- ,/(://* (6/2/ (:" $'(/#)'&2; 

 

 

6+789:*@E#;1/*&%0"1,#16#*1%!#-0"$%04($01,#16#7!1*12O/!%"#.(%!-#&$#eh:#_h:#gh:#rh:#&,-#thu;#&$#$5!#&7!#16#_t#

-&O"E#;(%0,7#&$#gh:#rh#&,-#thu;#l&"#.&%%0!-#1($#61%#&,#0,0$0&2#g#5#H>1',&,vc:#_hehJE#

 

#

# #
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The aims of this first study will therefore be to formulate and physicochemically 

characterise a geopolymer based on metakaolin and sodium silicate in order to build up a 

knowledge database that is as exhaustive as possible, on this new material. Results will 

be compared with the literature data and a traditional hydraulic binder having equal 

strength. The possibility of applying existing standards to geopolymer matrix will also be 

assessed. 

 %
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6667%9*/&),*."%*'1%9&/401"%

1. Material 

1.1 Flash metakaolin 

 

D( :'2 +/8)+/+ (" %2/ "*&- )*+%2(#)'& #': $'(/#)'&2 ."# (6)2 2(%+-; 56/ 2"%#8/ ". 

'&%$)*"2)&)8'(/ %2/+ )* '&& (6/ ."#$%&'()"*2 4#/2/*(/+ 6/#/ :'2 ' $/('0'"&)* ",(')*/+ ,- .&'26 

8'&8)*'()"* '*+ 4#"+%8/+ )* (6/ 2"%(6 :/2( ". !#'*8/ ,- GV<BAJ IL9/&"44/$/*(; 56/ .)#2( 

4'#()8%&'#)(- ". (6)2 4#"+%8( )2 )(2 8'&8)*'()"*? 8'&&/+ d!&'26 8'&8)*'()"*d )* #/./#/*8/ (" (6/ 

8"$,%2()"* 4#"8/22 h(/$4/#'(%#/ '#"%*+ ^__rAi :6/#/ (6/ 4'#()8&/2 ". 0'"&)*)(/ '#/ 

(#'*2."#$/+ )*(" $/('0'"&)* ,- 4'22)*3 */'# ' .&'$/ ."# ' ./: (/*(62 ". ' 2/8"*+; 56)2 

4#"8/22 )2 .'2(/# '*+ 8"*2%$/2 &/22 /*/#3- (6'* "(6/# $/(6"+2 ."# (6/ 4#"+%8()"* ". 

$/('0'"&)* h/;3; #"('#- 0)&*i; C"#/"9/#? )( 8"*2%$/2 */'#&- [_n &/22 /*/#3- (6'* 8/$/*( 

4#"+%8()"* h]'* c)8"&'2? F_WWi; 56/ 2/8"*+ 24/8).)8)(- 8"*8/#*/+ (6/ #/&'()9/&- 6)36 &/9/& ". 

)$4%#)(- )* (6/ 0'"&)* %2/+ ."# (6/ 8'&8)*'()"* h]'* c)8"&'2? F_WXi? :6)86 :'2 )+/*().)/+ ,- 

bVI h!)3%#/ \i; 56/ #/2%&(2 ". (6)2 $)*/#'&"3)8'& '*'&-2)2 26":/+ (6/ 4#/2/*8/ ". R%'#(H 

h])JF? >":+/# I)..#'8()"* !)&/ h>I!i � YZ1W_YEi? '*'('2/ h5)JF? h>I!i � FW1WF^Fi? $%&&)(/ 

hG&Z])FJWX? h>I!i � [Y1WF_Ei? 8'&8)(/ hA'J? h>I!i � Y^1W^YXi '*+ 0'"&)*)(/ hG&F])FJEhJKiY? 

h>I!i � [X1_\^Wi )* '++)()"* (" (6/ '$"#46"%2 46'2/ 8"##/24"*+)*3 (" $/('0'"&)*; 56/ 

4#"4"#()"* ". /'86 46'2/ 4#/2/*(/+ )* (6/ &/3/*+ ". !)3%#/ \ :'2 8'&8%&'(/+ ,- V)/(9/&+ 

#/.)*/$/*(? %2)*3 (6/ .#// &)8/*2/ 2".(:'#/ C'%+; 

 

 

6+789:*2;#w>C#*&$$!%,#16#62&"5b.&2.0,!-#/!$&c&120,#l0$5#>0!$'!2-#K(&,$060.&$01,#16#*5&"!"#



Chapter I. Formulation and characterisation of metakaolin-based geopolymer 

 

- 43 - 
 

56/ )$'3/2 ",(')*/+ ,- 28'**)*3 /&/8(#"* $)8#"28"4- h]BCi '*+ 4#/2/*(/+ )* !)3%#/ W_ '( 

(:" +)../#/*( 28'&/2 h'i @ F?___ '*+ ,i @ YE?___i 26": (6)2 &'#3/ '$"%*( ". R%'#(H )+/*().)/+ 

,- ' v�w "* !)3%#/ WY' '*+ 6'9)*3 2)H/2 #'*3)*3 .#"$ W_ (" W__ �$; 56/ 4#/2/*8/ ". 2"$/ 

246/#)8'& 4'#()8&/2 h� "* !)3%#/ W_'i? 6'9)*3 +)'$/(/#2 ". '#"%*+ W_ �$? 4#/9)"%2&- )+/*().)/+ 

'2 ' $)@(%#/ ". $%&&)(/ '*+ '$"#46"%2 46'2/ +%/ (" "9/#18'&8)*'()"* ". (6/ 0'"&)*)(/ h]'* 

c)8"&'2? F_WXi? :'2 '&2" *"(/+; 56/ v4%#/w $/('0'"&)* 4'#()8&/2 h!)3%#/ W_,i :/#/ ."%*+ 

(6#"%36"%( (6/ 2'$4&/ '2 9/#- .)*/ 6/@'3"*'& 4'#()8&/2 ' ./: *'*"$/(#/2 (6)80 '*+ ,/(://* 

W_ '*+ W__ *$ )* +)'$/(/#; 

 

 

6+789:*/1;#G51$1/0.%17%&*5#16#62&"5b/!$&c&120,#14$&0,!-#&$#$l1#-066!%!,$#".&2!"#&J#)#_:hhh#&,-#4J#)#gq:hhhE#x#

.1%%!"*1,-"#$1#$5!#K(&%$M#&,-#y#$1#$5!#"*5!%0.&2#*&%$0.2!"E#

 
 

56/ 86/$)8'& 8"$4"2)()"* ",(')*/+ ,- DA> '*'&-2)2 h5',&/ Wi 4#/2/*(2 (6/ $'22 8"*(/*( ". 

"@)+/2 )* (6/ $/('0'"&)*; 56/2/ #/2%&(2 26":/+ ' 9/#- &'#3/ 2)&)8' 8"*(/*(? #/&'()9/ (" (6/ 

'&%$)*)%$? '2 )( /@8//+/+ Z_n ". (6/ ("('& $'22 ". (6/ $/('0'"&)*? :6)86 8"##/24"*+2 (" '* 

])JFaG&FJX $"&'# #'()" ". Y;[; 56)2 9'&%/ :'2 6)36/# (6'* (6'( ". 0'"&)*)(/ hG]Fj 

])JFaG&FJX~Fi ,/8'%2/ ". (6/ 4#/2/*8/ ". &'#3/ '$"%*(2 ". )$4%#)()/2 2%86 '2 R%'#(H; 

%

V*;.&%G; A6/$)8'& 8"$4"2)()"* ". (6/ #': $'(/#)'&2 h n ,- :/)36(i  

 

 

G&& (6/ ',"9/ #/2%&(2 '&&":/+ (6/ '$"%*( ". '$"#46"%2 2)&)8' '*+ '&%$)*)%$ )* (6/ 

$/('0'"&)* (" ,/ +/(/#$)*/+; 56)2 :)&& ,/ 8"*2)+/#/+ )* (6/ ."#$%&'()"* ". (6/ 3/"4"&-$/#j 

])JF ~ F\n '*+ G&FJX ~ FYn;  
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1.2 Sodium silicates 

#

D* (6)2 :"#0? "*&- 2"+)%$ 2)&)8'(/ 2"&%()"*2 :/#/ 2(%+)/+; 56/ '8()9'()*3 2"&%()"*2 :/#/ 

)*+%2(#)'& :'(/#3&'22 2"&%()"*2 8"*(')*)*3 [ n (" W^n ". c'FJ ,- $'22? 8"##/24"*+)*3 (" '* 

])JFac'FJ $"&'# #'()" #'*3)*3 .#"$ W;^ (" X;Y h5',&/ Fi; 

 

V*;.&%D7%C"&'# #'()"? $'22 8"$4"2)()"* '*+ 24/8).)8 3#'9)(- ". (6/ )*+%2(#)'& 2)&)8'(/ 2"&%()"*2;%

%

%

56/ 4#"+%8()"* ". '&0'&) 2)&)8'(/ #/R%)#/2 ' .%2)"* ". (6/ R%'#(H 4'#()8&/2 h!)3%#/ WEi? ."&&":/+ 

,- 8""&)*3 '*+ .)&(#'()"*; 56)2 2(/4 6'2 ' 4'#()8%&'#&- 2(#"*3 /*9)#"*$/*('& )$4'8(? /24/8)'&&- 

)* (/#$2 ". )* AJF /$)22)"*2 '*+ :'(/# 4"&&%()"*; K":/9/#? (6/ 8"$4'*)/2 )*9"&9/+ )* (6)2 

4#"+%8()"* h)* (6/ 8'2/ ". "%# 2(%+-? `"/&&*/#�i (#- (" $)*)$)2/ (6/ 6'#$.%& /../8(2 ,- 

)$4&/$/*()*3 '&(/#*'()9/2 2%86 '2 (6/ 6-+#"(6/#$'& 4#"8/22 h2/8"*+ 4#"8/22 "* !)3%#/ WW '*+ 

%2/+ )* "%# 2(%+-i :6)86? '88"#+)*3 (" (6/ $'*%.'8(%#/#? 26"%&+ ,/ &/22 6'#$.%& ."# (6/ 

/*9)#"*$/*(; 

%

6+789:*//;#D.5!/&$0.#%!*%!"!,$&$01,#16#&2c&20b"020.&$!#/&,(6&.$(%!#("0,7#&#/!2$0,7#&,-#&#5O-%1$5!%/&2#*%1.!""#

Hz1!22,!%{JE#
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2. Sample preparation and test methods  

2.1 Sample preparation 

#

56/ 3/"4"&-$/# 4'2(/ :'2 4#/4'#/+ )* (:" 2(/42; !)#2(? 4%#/ c'JK '*+ :'(/# :/#/ '++/+ (" 

(6/ )*+%2(#)'& :'(/#3&'22 2"&%()"* (" ",(')* (6/ +/2)#/+ ])JFa c'FJ '*+ KFJac'FJ $"&'# 

#'()"2; G.(/# (6/ ("('& +)22"&%()"* ". (6/ 2"+)%$ 6-+#"@)+/? (6/ 2"&%()"* :'2 8""&/+ (" F_rA ."# 

FY 6 '*+ (6/* $)@/+ :)(6 (6/ $/('0'"&)* %*()& ' 6"$"3/*/"%2 $)@(%#/ :'2 ",(')*/+;  

56/ 3/"4"&-$/# $"#('#2 :/#/ $)@/+ '*+ $'+/ '88"#+)*3 (" !#/*86 2('*+'#+ Bc W\Z1W )* ' 

EO $)@/# hG%("$)@? A"*(#"&2�? !)3%#/ WF'i? %2)*3 (6/ '8()9'()"* 2"&%()"* )*2(/'+ ". (6/ 

$)@)*3 :'(/#; ]('*+'#+ 2'*+ hBc W\Z1W '*+ D]J Z^\j F__\ 2('*+'#+2i 8"$4"2/+ ". :/&& 

8#-2('&&)2/+ R%'#(H '*+ 6'9)*3 ' 8"*(#"&&/+ 4'#()8&/ 2)H/ ,/(://* _ '*+ F $$ :'2 %2/+; 56/ 

$"#('# 24/8)$/*2 :/#/ 8'2( )* Y @ Y @ WZ 8$ $"%&+2 h!)3%#/ WF,i %2)*3 ' 26"80 (',&/? '*+ 

4'2(/2 :/#/ 8'2( )* ^ @ Y;X @ F;F 8$ 4&'2()8 4#)2$2; G&& 24/8)$/*2 :/#/ 8%#/+ '( F_rA '*+ 

\En V;K; ."# FY 6"%#2 '*+ (6/* +/$"%&+/+ '*+ 2("#/+ %*+/# (6/ 2'$/ 8"*+)()"*2 %*()& (/2()*3 

h/@8/4( ."# (6/ 2(%+)/2 ". 8%#)*3 8"*+)()"*2 "# ."# ,/'$2i; 

 

%%% %%%%%%
6+789:*/-;#q #/0)!%#&J#&,-#4J#g#)#g#)#er#./#/1(2-"#("!-#$1#.&"$#7!1*12O/!%#/1%$&%E##

#

2.2 Mechanical test methods 

 

!"# (6/ $"#('#2? (6/ $/86'*)8'& (/2(2 )* .&/@)"* '*+ 8"$4#/22)"* :/#/ 4/#."#$/+ "* X 

4#)2$'()8 24/8)$/*2 ". +)$/*2)"*2 Y@Y@WZ 8$ '88"#+)*3 (" Bc W\Z1W hG%("$'()8 $"#('# 

4#/22? A&'22 G 1 XV� V>X_aF__!>i; 56/ (/2(2 :/#/ )*)()'&&- 4/#."#$/+ )* X14")*( ,/*+)*3 '*+ 

/'86 6'&.14#)2$ :'2 (6/* (/2(/+ )* 8"$4#/22)"*; 56/ '9/#'3/ 8"*.)+/*8/ )*(/#9'& h� ~ _;_Ei "* 

(6/ 8"$4#/22)"* (/2( :'2 W C>';   
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2.3 Chemical and physical analysis 

 

56/ 86/$)8'& 8"$4"2)()"*2 :/#/ $/'2%#/+ ,- ,'1#2/,L&.>% 20#5.&1% 5.*"$*% *'1% 05/,2*.%

&$,"",0'% "5&2/)0"205> hDA>1JB]i %2)*3 '* J4()$'� ^___ Iy DA>1JB] h>/#0)*B&$/#i 

/R%)44/+ :)(6 ' AAI 2/*2"#; B'86 '*'&-2)2 8"$4"2)()"* :'2 2%,7/8(/+ (" '* '8)+ +)&%()"* ". 

'( &/'2( Fn )* 4%#/ *)(#)8 '8)+ h$"#/ ). */8/22'#- (" ",(')* ' 4K &":/# (6'* Xi;  

 

B&/8(#"* $)8#"28"4- ",2/#9'()"*2 :/#/ $'+/ %2)*3 ' "2*'','=%&.&2/)0'%$,2)0"205& hfBJO 

f]C1Z^__!i '*+ :/#/ 8'##)/+ "%( "* .#/26&- ,#"0/* 4)/8/2 h'.(/# 4&'()*%$ $/('&&)H'()"*i; G* 

'*'&-2)2 ,- &.&2/)0'%$,2)05)0;& hBC>i 4#"9)+/+ (6/ R%'*().)8'()"* ". /'86 /&/$/*( )* (6/ 

9"&%$/ '*'&-2/+ '2 ' 4/#8/*('3/ ,- :/)36( ". "@)+/2; 56/ /R%)4$/*( %2/+ :'2 ' AGCBAG 

]b !)9/ hA/*(#/ +/ C)8#"A'#'8(L#)2'()"* V')$"*+ A'2(')*3? ACAV 1 QC] XZFXi :)(6 '* 

'88/&/#'()*3 9"&('3/ ". WE 0y '*+ ' 8%##/*( ". W_ *G; 56/ 9"&%$/ 4#",/+ +%#)*3 /'86 

'*'&-2)2 :'2 F@F@F �$X; 56/ ."&&":)*3 /&/$/*(2 :/#/ '*'&-2/+j A'? ])? G&? !/? C3? ]? x? c'? 

5)? '*+ C* hW_2a/&/$/*( { E2 ."# (6/ 8"*()*%"%2 ,'803#"%*+i; 56)2 '*'&-2)2 %2/+ 4"&)26/+ 

2/8()"*2 ". 3/"4"&-$/# 4'2(/; >"&)26)*3 :'2 4/#."#$/+ +#- %2)*3? .)#2(? ',#'2)9/ +)282 '*+ 

(6/* 4"&)26)*3 +)282 6'9)*3 2)&)8"* 8'#,)+/ 8"'()*32; 56/ 4"&)26/+ 2/8()"*2 :/#/ (6/* 8"9/#/+ 

:)(6 ' 8'#,"* .)&$ ."# (6/ 8"*+%8()"* /&/8(#"*2; 56/ 4")*(2 ". '*'&-2)2 :/#/ 86"2/* 8'#/.%&&- 

)* "#+/# *"( (" )*8&%+/ (6/ 8#-2('&&)*/ )$4%#)()/2 )* (6/ R%'*().)8'()"*; 

 

2.4 Mineralogical characterisation 

 

G $)*/#'&"3)8'& 2(%+- :'2 $'+/ ,- Y<)*>% 1,88)*2/,0' hbVIi %2)*3 ' ])/$/*2 IE___ 

+)..#'8("$/(/#? 6'9)*3 t#'331t#/*('*" 8"*.)3%#'()"* '*+ 8",'&( #'+)'()"* hA" x�? � ~ 

W?^[\�i; 56/ '*"+/ 9"&('3/ :'2 Y_ 0y '*+ (6/ /&/8(#)8 8%##/*( )*(/*2)(- :'2 X_ $G; 56/ 

'*'&-2/2 :/#/ '&& 8'##)/+ "%( "* 4":+/# 4#/9)"%2&- 3#"%*+ (" ' $'@)$%$ 4'#()8&/ 2)H/ ". 

Y_�$? (6/* 4&'8/+ "* ' #"('#- 2'$4&/ 6"&+/#; 56/ '8R%)2)()"*2 :/#/ $'+/ ,/(://* Yr '*+ ^_r 

F�? :)(6 ' 2(/4 2)H/ ". _;_Yr '*+ '* '8R%)2)()"* ()$/ ". F_ 2/8"*+2 4/# 2(/4 )* "#+/# (" ",(')* 

'88/4(',&/ #/2"&%()"* ."# ' R%'*()('()9/ 2(%+-; 56/- :/#/ /@4&")('(/+ %2)*3 ByG 2".(:'#/ 

4#"9)+/+ :)(6 (6/ >":+/# +)..#'8()"* +'(' .)&/ h>I!i ". DAII h56/ D*(/#*'()"*'& A/*(#/ ."# 

I)..#'8()"* I'('i '&&":)*3 )+/*().)8'()"* ,- 8"$4'#)2"* ". (6/ ". (6/ '*'&-2/+ 8"$4"%*+; 56/ 

R%'*().)8'()"*2 %2)*3 (6/ V)/(9/&+ $/(6"+ :/#/ 4/#."#$/+ %2)*3 (6/ .#// &)8/*2/ 2".(:'#/ 

C'%+ hO%((/#"(() /( '&;? W\\\i;  
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V4&)$0=)*L,$&/),2% *'*.>"," h5<Gi )2 ' (/86*)R%/ ". $/'2%#/$/*( (6'( '&&":2 (6/ $'22 

9'#)'()"* ". ' 2'$4&/ (" ,/ ."&&":/+ :6/* )*8#/'2)*3 (6/ (/$4/#'(%#/; 56/ #/2%&(2 #/4#/2/*(/+ 

"* :/)36( &"22 8%#9/2 "# (6/ +/#)9'()9/ ". (6/ :/)36( &"22 9/#2%2 (/$4/#'(%#/ 4#"9)+/2 

)*."#$'()"* "* (6/ 8"$4"2)()"* ". (6/ 2'$4&/; 56/ /@4/#)$/*('& 8"*+)()"*2 :/#/j 

 

I/9)8/ 5-4/j cB5�]AK ]5G YY\!X h&/.( "* !)3%#/ WXi 

]'$4&/ $'22j '#"%*+  W3 

C'@)$%$ 2)H/ ". 4'#()8&/2j &/22 (6'* [_ �$ 

5/$4/#'(%#/ #)2/ #'(/j W_rAa$)* 

C'@)$%$ (/2( (/$4/#'(%#/j \E_rA "# W___rA 

5/2( '($"246/#/j ')# "# '#3"* 

 

 

6+789:*/';#S?9|D;N#D9B#ggf=`#9@B#&,-#CD;#H2!6$J#&,-#S?9|D;N#}ID#gh`;#H%075$JE##

  

56/ (6/#$'& '*'&-2)2 :'2 8"%4&/+ :)(6 $*""% "5&2/)0$&/)> hC]i :6)86 )2 '* '*'&-()8'& 

86/$)2(#- (/86*)R%/ (6'( 8'* )+/*().- (6/ '$"%*( '*+ (-4/ ". 86/$)8'& 8"$4"%*+2 4#/2/*( )* 

' 2'$4&/ ,- $/'2%#)*3 (6/ $'221("186'#3/ #'()" '*+ ',%*+'*8/ ". 3'2146'2/ )"*2; 56)2 

8"%4&)*3 (6%2 4#"9)+/+ (6/ *'(%#/ ". (6/ /9'4"#'(/+ 8"$4"%*+2 8"##/24"*+)*3 (" (6/ +)../#/*( 

:/)36( &"22/2 $/'2%#/+ ,- 5<G; 56/ $'22 24/8(#"$/(/# %2/+ )* (6)2 2(%+- :'2 ' cB5�]AK 

mC] Y_XA h#)36( "* !)3%#/ W^i; 

 

Z,88&)&'/,*.% "2*'','=% 2*.0),$&/)> hI]Ai )2 ' (6/#$'& (/86*)R%/ %2/+ (" $/'2%#/ (6/ 

+)../#/*8/2 ". 6/'( /@86'*3/ ,/(://* ' 2'$4&/ '*+ ' #/./#/*8/ h/;3; '&%$)*'? ,%( $'- '&2" ,/ 

')#i; 56/ #/2%&()*3 8%#9/ 26":)*3 (6/ 6/'( /$)((/+ "# ',2"#,/+ ,- (6/ $'(/#)'& 9/#2%2 (6/ 
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(/$4/#'(%#/ 4#"9)+/2 )*."#$'()"* "* (6/ 46'2/ (#'*2)()"*2j 3&'22 (#'*2)()"* (/$4/#'(%#/? (6/ 

$/&()*3 '*+ 8#-2('&&)H'()"* (/$4/#'(%#/2 '*+ /*(6'&4)/2 ". #/'8()"*; 56)2 )2 (6/ 8'2/? )* 

4'#()8%&'#? ."# (6/ ."#$'()"* ". $%&&)(/ 4#/8%#2"# :6/* $/('0'"&)* )2 6/'(/+ (" "9/# \E_rA; 

56/ /@4/#)$/*('& 8"*+)()"*2 :/#/j 

 

� I/9)8/ 5-4/j cB5�]AK ]5G YY\!X h&/.( "* !)3%#/ WXi 

� ]'$4&/ $'22j W_ (" X_ $3 

� C'@)$%$ 2)H/ ". 4'#()8&/2j &/22 (6'* [_ �$ 

� 5/$4/#'(%#/ #)2/ #'(/j W_rAa$)* 

� 5/2( (/$4/#'(%#/j X_rA (" WW__ r A 

� 5/2( '($"246/#/j '#3"* 

 

2.5 Porous network characterisation test methods 

 

V4&%/0/*.%50)&%L0.#$& *"(/+ � hni :'2 +/(/#$)*/+ )* (6)2 2(%+- ,- $/'2%#)*3 (6/ 4"#"2)(- 

'88/22),&/ (" :'(/# 9)' (6/ !#/*86 2('*+'#+ c! >W[1YE\ hF_W_i; 56/ 4#)*8)4&/ ". (6/ $/(6"+ 

:'2 (" 2'(%#'(/ (6/ 4"#"%2 */(:"#0 ". (6/ $'(/#)'& :)(6 ' &)R%)+ 6'9)*3 ' 0*":* +/*2)(-? 6/#/ 

:'(/#? '*+ (6/* $/'2%#/ (6#// :/)36(2 C:'(/ C')# '*+ C+#-? :6)86 '&&":/+ (6/ 4"#"2)(- 

'88/22),&/ (" :'(/# h�i '*+ (6/ ,%&0 +/*2)(- h�i (" ,/ 8'&8%&'(/+ %2)*3 /R%'()"*2 hWi '*+ hFij 

 

 

`)(6j 

� �j >"#"2)(- '88/22),&/ (" :'(/# h)* ni 

� �j t%&0 +/*2)(- ". +#- 2'$4&/ h03a$Xi 

� C:'(/#j C'22 ". (6/ 2'(%#'(/+ 2'$4&/ )* :'(/#  h03i 

� C')#j C'22 ". (6/ 2'(%#'(/+ 2'$4&/ )* ')# h03i  

� C+#-j C'22 ". 2'$4&/ +#)/+ '( W_ErA h03i; B'86 2'$4&/ :'2 +#)/+ )* '* "9/* '( 

W_ErA %*()& )( #/'86/+ ' 2(',&/ :/)36( h' +)../#/*8/ ". &/22 (6'* _;Wn ,/(://* F 

:/)36)*32 FY 6"%#2 '4'#(i 

� �:'(/#j ]4/8).)8 3#'9)(- ". :'(/# '( (6/ (/2( (/$4/#'(%#/ h03a$Xi 
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5/2(2 :/#/ 8'##)/+ "%( "* '( &/'2( (6#// 4#)2$2 ". 3/"4"&-$/# 4'2(/ 6'9)*3 +)$/*2)"*2 ^ @ Y;X 

@ F;F 8$; 56/ ,'&'*8/ '88%#'8- ."# (6/ $'22 $/'2%#/$/*(2 :'2 _;__W3; 

%

Y<)*>%$,2)0/0$0=)*54> )$'3/2 :/#/ ",(')*/+ :)(6 ' c'*"("$ W[_ .#"$ >6"/*)@ a <B 

hADVDCG5 1 QCV E_[E? Dc>5aQ>]aAcV]i; 56/ '8R%)2)()"* 4'#'$/(/#2 %2/+ :/#/ ' 9"&('3/ 

". [_ 0y '*+ '* )*(/*2)(- ". W__ �G; 56/ #/2"&%()"* ",(')*/+ ."# (6)2 (-4/ ". 2'$4&/ :'2 ' E;Y 

$)8#"* 9"@/&; 56/ 9"&%$/2 :/#/ #/,%)&( %2)*3 (6/ I'("2 b 2".(:'#/ h>6"/*)@i '*+ y< ](%+)" 

C'@ hy"&%$/ <#'46)8i (" ",(')* '* )$'3/ ". (6/ 4"#"2)(- ". (6/ $'(/#)'&; 

 

5" ",(')* )*."#$'()"* "* (6/ 2)H/ ". (6/ 4"#/2 )* (6/ 4"#"%2 */(:"#0? (6/ $&)2#)>%,'/)#",0'%

50)0",$&/)>% [96T\% (/86*)R%/ :'2 %2/+ )* (6)2 2(%+-; 56/ 4#)*8)4&/ ". (6)2 (/86*)R%/ )2 (" 

."#8/ (6/ $/#8%#- )*(" (6/ 2'$4&/ ,- '44&-)*3 )*8#/'2)*3 4#/22%#/; 56/ 6)36/# (6/ 4#/22%#/ )2? 

(6/ $"#/ (6/ $/#8%#- .)&&2 (6/ 2$'&& 4"#/2; D. (6/ 4"#/2 '#/ '22%$/+ (" ,/ 8-&)*+#)8'&? (6/ 

#/&'()"*26)4 ,/(://* (6/ '44&)/+ 4#/22%#/ '*+ (6/ 4"#/ #'+)%2 )2 )*9/#2/&- 4#"4"#()"*'& h<'&&/ 

F__W= C"#" /( '& F__Fi; 56/ '44'#'(%2 %2/+ ."# (6)2 2(%+- :'2 ' WY_ >'28'& 8"%4&/+ :)(6 FY_ 

>'28'& h!%2)"* D*2(#%$/*(i '*+ (6/ 2'$4&/2 '*'&-2/+ :/#/ 4)/8/2 ". 4'2(/ ". '#"%*+ W3 

",(')*/+ ,- .#/26 .#'8(%#/ '( ^ +'-2; 

 

56/ &'2( $/(6"+ '44&)/+ ."# (6/ 86'#'8(/#)2'()"* ". (6/ 4"#"%2 2-2(/$ :'2 

*;"0)5/,0']1&"0)5/,0'%08% =*"% hADVDCG5 1 QCV E_[E? Dc>5aQ>]aAcV]i; t'2/+ "*  3'2 

',2"#4()"* '*+ 8'4)&&'#- 8"*+/*2'()"* )* (6/ 2"&)+ 2%#.'8/? (6)2 (/86*)R%/ +/(/#$)*/+ 9'#)"%2 

86'#'8(/#)2()82 ". (6/ $)8#"2(#%8(%#/ ". $'(/#)'&2? 2%86 '2 (6/ 24/8).)8 2%#.'8/ '#/'? (6/ ("('& 

4"#/ 9"&%$/ '88/22),&/ (" (6/ 3'2 "# (6/ 4"#/ 2)H/ +)2(#),%()"*; K":/9/#? /@4/#)$/*('&&-? "*&- 

'+2"#4()"* '*+ +/2"#4()"* )2"(6/#$2 :/#/ +/(/#$)*/+; 56/ 24/8).)8 2%#.'8/ '#/' '*+ 4"#/ 2)H/ 

+)2(#),%()"* :/#/ ",(')*/+ ,- 8'&8%&'()"* %2)*3 $"+/&2 '*+ '22%$4()"*2; !"# /@'$4&/? )* (6)2 

2(%+-? (6/ 2%#.'8/ '#/' :'2 8'&8%&'(/+ .#"$ (6/ tB5 $"+/&? :6)&/ (6/ 4"#/ 2)H/ +)2(#),%()"* 

:'2 8'&8%&'(/+ .#"$ (6/ tfK $"+/&? (:" $"+/&2 +/28#),/+ )* (6/ &)(/#'(%#/ ,- V"%R%/#"& /( '&; 

hF__[i; 56)2 '*'&-2)2 :'2 4/#."#$/+ %2)*3 ' 5#)2('# X_F_ '44'#'(%2 hC)8#"$/#)()82i? :)(6 ' 

+/3'22)*3 (/$4/#'(%#/ ". W__rA? "* ' 3/"4"&-$/# 4'2(/ 4)/8/ 4#/4'#/+ )* (6/ 2'$/ :'- '2 

(6"2/ 2(%+)/+ ,- $/#8%#- 4"#"2)$/(#-; 
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2.6 Reactivity test methods 

 

G 2&$,<*1,*;*/,2% 2*.0),$&/)> (/2(? %2)*3 ' O'*3'9'*( 8'&"#)$/(/# '88"#+)*3 (" (6/ !#/*86 

2('*+'#+ c! >WE1YXZ :'2 4/#."#$/+ "* .#/26 3/"4"&-$/# $"#('# (" $/'2%#/ (6/ 6/'( #/&/'2/+ 

,- (6/ 3/"4"&-$/#)2'()"* #/'8()"*; D* (6)2 '44'#'(%2? (6/ $"#('# h�W;Z 03i :'2 4%( )*(" ' :/&&? 

,%( *"( 4/#./8(&-? (6/#$'&&- )*2%&'(/+ ,"((&/ 4&'8/+ )* '* ')#18"*+)()"*/+ #""$ '( F_ � W rA; 

56/ (/$4/#'(%#/ #)2/ ". (6/ $"#('# :'2 $/'2%#/+ :)(6 ' 4&'()*%$ #/2)2('*8/ (6/#$"$/(/# 

h>V5i '*+ 8"$4'#/+ :)(6 (6/ (/$4/#'(%#/ ". '* )*/#( 2'$4&/ &"8'(/+ )* ' #/./#/*8/ 

8'&"#)$/(/#; 56/ 6/'( #/&/'2/+ ,- (6/ #/'8()"* 8"*(')*/+ )* (6/ $"#('# ,"@ :'2 /R%'& (" (6/ 

2%$ ". (6/ 6/'( '88%$%&'(/+ )* (6/ 2'$4&/ '*+ ". (:" 4'#'2)()8 (/#$2j (6/ 6/'( '88%$%&'(/+ )* 

(6/ 8'&"#)$/(/# '*+ (6/ 6/'( &"2( )*(" (6/ '$,)/*( '($"246/#/ (6#"%36"%( (6/ 4/#)"+ ". (6/ (/2(; 

 

56/ '$"%*( ". 8)&&% A*/&) )* (6/ 3/"4"&-$/# 4'2(/ :'2 2(%+)/+; 5" +" (6)2? 3/"4"&-$/# 

2'$4&/2 h". +)$/*2)"*2 Y;X @ ^ @ F;F 8$i? :/#/ $'+/ '*+ /'86 8"$4"*/*( :'2 :/)36/+ 

h�_;__X3i; 56/* (6/ 4#)2$2 :/#/ 6/#$/()8'&&- 2/'&/+ '*+ 8%#/+ ."# ^ +'-2 '( F_rA; 56/ 

2'$4&/2 :/#/ (6/* :/)36/+ '3')* '*+ 4&'8/+ )* ' 8&)$'(/ 86'$,/# :)(6 8"*(#"&&/+ 

(/$4/#'(%#/2 ". E_rA? [_rA '*+ W_ErA; 56/ $'22 &"22 :'2 ."&&":/+ "9/# ()$/ ,- :/)36)*3 

%*()& (6/ $'22 :'2 2(',&/ h+)../#/*8/ ". &/22 (6'* _;Wn ". (6/ $'22 $/'2%#/+ ,/(://* F 

:/)36)*32 FY 6"%#2 '4'#(i; x*":)*3 (6/ '$"%*( ". :'(/# )*)()'&&- )*(#"+%8/+? ' 2)$4&/ 

2%,(#'8()"* ". (6/ :/)36( &"2( +/4/*+)*3 "* (6/ (/$4/#'(%#/ 3'9/ (6/ '$"%*( ". :'(/# 

#/$')*)*3 )* (6/ $'(/#)'& '*+ (6%2 '&2" (6/ .#// :'(/#;  

 

5" /9'&%'(/ (6/ "4),':*=&? Y@Y@WZ8$ <>WY;E 3/"4"&-$/# 4#)2$2 6'9)*3 26#)*0'3/ ,"&(2 '( 

,"(6 /*+2 :/#/ $'+/ ."# 4'2(/ '*+ $"#('# '88"#+)*3 Bc W\Z1W; D$$/+)'(/&- '.(/# 

+/$"%&+)*3? 6'&. (6/ 24/8)$/*2 :/#/ 8"9/#/+ :)(6 :'(/#4#"". 4'4/# (" 4#"(/8( (6/$ .#"$ 

/@86'*3/2 :)(6 (6/ /*9)#"*$/*(? '*+ (6/* '&& :/#/ $/'2%#/+ %2)*3 (6/ 28'&/ $)8#"$/(/# 

$/(6"+; B'86 $/'2%#/$/*( :'2 (6/ $/'* ". (6#// 9'&%/2 .#"$ (6#// #/4&)8'(/ 24/8)$/*2; 56/ 

24/8)$/*2 :/#/ (6/#/."#/ 4&'8/+ )* ' 8"*(#"&&/+ #""$ '( ' (/$4/#'(%#/ ". F_rA '*+ E_n V;K; 

]6#)*0'3/ $/'2%#/$/*(2 :/#/ (6/* 4/#."#$/+ '( F? X? E? ^? WY '*+ F[ +'-2; 

 

 %
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6E7%9&24*',2*.%5&)80)$*'2&%08%=&050.>$&)%;,'1&)%

 

56/ ')$ ". (6/ .)#2( 2(%+- :'2 (" +/(/#$)*/ (6/ "4()$'& 8"$4#/22)9/ '*+ .&/@%#'& 2(#/*3(62 

(6'( 8"%&+ ,/ '86)/9/+ :)(6 (6/ 3/"4"&-$/# ,)*+/# +/4/*+)*3 "* )(2 ."#$%&'()"*? 8%#/ 

8"*+)()"*? :'(/#3&'22 2"&%()"*? "# 2'*+ 4#"4"#()"*; 56%2? (/2(2 :/#/ 8'##)/+ "%( "* $"#('#? 

,'2/+ "* (6/ 2'$/ 2('*+'#+ hBc W\Z1Wi %2/+ (" 8&'22).- +)../#/*( (-4/2 ". 8/$/*(; 56)2 

8"$4'#)2"* )*+)8'(/+ :6/(6/# (6/ 2('*+'#+ %2/+ :'2 '44#"4#)'(/ ."# 3/"4"&-$/#? '*+ '&2" (6/ 

8&'22 ". 8/$/*( 6'9)*3 /R%)9'&/*( 4/#."#$'*8/ ."# 8"$4'#)2"*; 

%

1. Formulation of geopolymer 

%

1.1 Formulation principle 

 

5" ."#$%&'(/ (6/ 3/"4"&-$/#? ."%# #': $'(/#)'&2 :/#/ #/R%)#/+; 56/ $/('0'"&)* 4#"9)+/+ 

2)&)8' '*+ '&%$)*)%$ :)(6 ' .)@/+ ])JFaG&FJX #'()"; 56/ 2"+)%$ 2)&)8'(/ 2"&%()"* 4#"9)+/+ 

2)&)8'? 2"+)%$ '*+ :'(/# )* .)@/+ 4#"4"#()"*2; J*&- 2"+' '*+ :'(/# '&&":/+ (6/ 8"*(/*( ". ' 

2)*3&/ 8"*2()(%/*(? c'FJ "# KFJ? #/24/8()9/&-? (" ,/ 9'#)/+ h!)3%#/ WYi;  

 

%
6+789:*/<;#k%070,#16#$5!#!2!/!,$#.1/*1"0,7#$5!#7!1*12O/!%E#

 

56/ 2)&)8'? '&%$)*)%$? 2"+)%$ '*+ :'(/# ,#"%36( (" (6/ $)@(%#/ ,- (6/ #': $'(/#)'&2 :/#/ 

.)@/+ )* (6/ 4#/2/*( 2(%+- )* (6/ ."#$ ". (6#// $"&'# #'()"2? 4&%2 (6/ $'22 #'()" ". (6/ :'(/# 

9/#2%2 2"&)+ .#'8()"* h$/('0'"&)*? 2"&)+ 4'#( ". 2"+)%$ 2)&)8'(/ 2"&%()"* '*+ 2"+'ij  

 

1 D0k_[B2_k`#R%'*().)/+ (6/ 2%44&/$/*('#- '$"%*( ". 2)&)8' :6)86 26"%&+ ,/ 4#"9)+/+ 

,- (6/ '8()9'()*3 2"&%()"*? 0*":)*3 (6'( (6/ ])JFaG&FJX#". (6/ $/('0'"&)* :'2 '&#/'+- 
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.)@/+; 56)2 #'()" )2 0*":* (" ,/ )$4"#('*( #/3'#+)*3 (6/ 2(#/*3(6 4/#."#$'*8/ ". 

3/"4"&-$/#2 hI%@2"* /( '&;? F__^,i; 

1 S&_k[B2_k` 2/(2 (6/ R%'*()(- ". '&0'&) (6'( :)&& ,/ 2%44&)/+ (" (6/ '&%$)*"2)&)8'(/ 

2"%#8/ h'2 '&%$)*)%$ )2 4#"9)+/+ 2"&/&- ,- $/('0'"&)*i; 56)2 #'()" )2 ".(/* ('0/* (" ,/ 

'#"%*+ W 2)*8/ 4"2)()9/ )"*2 2%86 '2 c'{ 8'* ,'&'*8/ (6/ */3'()9/ 86'#3/ ". G&X{ )* Dy1

."&+ 8""#+)*'()"* hx'$'&&"" /( '&? F_W_i; 

1 N_k[S&_k 8"##/24"*+2 (" (6/ '&0'&) 8"*8/*(#'()"* )* (6/ '8()9'()*3 2"&%()"*? '*+ 

8"%&+ ,/ '* )*+)8'("# ". (6/ ("('& '$"%*( ". :'(/# )* (6/ $)@(%#/ :6/* (6/ "(6/# #'()"2 

'#/ .)@/+;  

1 56/ l&$!%b40,-!%# %&$01 )2 '&2" '* )$4"#('*( 4'#'$/(/# (6'( $%2( ,/ ('0/* )*(" 

'88"%*(; D( )2 2(#"*3&- &)*0/+ (" (6/ (6#// 4#/8/+/*( $"&'# #'()"2? '*+ 8'**"( ,/ $"+).)/+ 

'&"*/ :6)&/ 0//4)*3 '&& (6/ "(6/# #'()"2 '( ' 8"*2('*( 9'&%/; 

 

56/ ."#$%&'()"*2 $'+/ )* (6)2 2(%+- (#)/+ (" '22/22 (6/ /../8( ". /'86 #'()" "* (6/ 8"$4#/22)9/ 

2(#/*3(6 ". $"#('#2;  

 

1.2 Formulations studied 

 

]('*+'#+ $"#('#2 '88"#+)*3 (" Bc W\Z1W :/#/ 8"$4"2/+ ". YE_ 3 ". 8/$/*(? FFE 3 ". :'(/# 

'*+ WXE_ 3 ". 2('*+'#+)2/+ 2'*+; !"# (6/ 3/"4"&-$/# ."#$%&'()"*? )( :'2 +/8)+/+ (" 0//4 (6/ 

2"&)+ 4#"4"#()"*2? ,%( (6/ 8/$/*( :'2 #/4&'8/+ ,- $/('0'"&)* '*+ (6/ '$"%*(2 ". :'(/#3&'22 

2"&%()"*? 2"+' '*+ :'(/# :/#/ 86"2/* '88"#+)*3 (" (6/ #/R%)#/+ $"&'# #'()";  

 

5',&/ X 26":2 (6/ 4#"4"#()"* ". /'86 8"$4"*/*( %2/+ (" $'0/ WF 3/"4"&-$/# $"#('#2? 

4#/2/*(/+ 4/# 3#'$ ". 8"$4"%*+2 )*(#"+%8/+ "# ,- &)R%)+ '*+ 2"&)+ .#'8()"*? ("3/(6/# :)(6 (6/ 

8"$4#/22)9/ '*+ .&/@%#'& 2(#/*3(62 $/'2%#/+ '( ^ +'-2; !"#$%&'()"*2 CW (" CX +)../#/+ ,- 

(6/ '$"%*( ". 2)&)8' 4#"9)+/+ ,- (6/ :'(/#3&'22 2"&%()"* %2)*3 (6#// ])JFaG&FJX $"&'# #'()"2 

.#"$ X (" Y; C"#('#2 *'$/+ CY (" C[ 6'+ c'FJaG&FJX $"&'# #'()"2 #'*3)*3 .#"$ _;[ (" W;^E? 

)$4&-)*3 ' 8"*2('*( 2"+)%$ 8"*8/*(#'()"* ,%( ' 9'#)',&/ 4#"4"#()"* ". '&0'&)2 9/#2%2 2)&)8'; 

56/ &'2( ."%# ."#$%&'()"*2? C\ (" CWF 6'+ ])JFaG&FJX? '*+ c'FJaG&FJX #'()"2 .)@/+? '*+ 

"*&- (6/ ("('& '$"%*( ". :'(/# '*+ (6/ 2"+)%$ 8"*8/*(#'()"* 9'#)/+;  
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K":/9/#? )( 26"%&+ ,/ *"(/+ (6'( (6/ %2/ ". )*+%2(#)'& #': $'(/#)'&2 2/9/#/&- &)$)(/+ (6/ 

."#$%&'()"* 4"22),)&)()/2; <)9/* (6'( (6/ :'(/#3&'22 2"&%()"* 4#"9)+/+ 2)&)8'? :'(/# '*+ 2"+)%$ 

)* .)@/+ R%'*()()/2? (:" ."#$%&'()"*2? CY '*+ C\? #/R%)#/+ '* '++)()"*'& 2(/4 +%#)*3 (6/)# 

4#/4'#'()"*; D* (6"2/ 8'2/2? (6/ 2)3*).)8'*( :'(/# 8"*(#),%()"* ". (6/ '8()9'()"* 2"&%()"* 

hZE;Eni $'+/ )( )$4"22),&/ (" ",(')* ."#$%&'()"*2 6'9)*3 $"&'# #'()"2 '2 &": '2 c'FJaG&FJX 

~ _;[ ."# CY '*+ KFJac'FJ ~ WX;E ."# C\; B@8/22 :'(/# :'2 (6/#/."#/ #/$"9/+ .#"$ (6/ 

:'(/#3&'22 2"&%()"* ,- /9'4"#'()"* FY6 ,/."#/ (6/ $"#('# 4#/4'#'()"*? ,- 6/'()*3 '( E_rA 

%*+/# '3)('()"* %*()& ' &"22 ". $'22 /R%'& (" (6/ #/R%)#/+ '$"%*( ". :'(/# :'2 '86)/9/+; c" 

9)2%'& $"+).)8'()"* :'2 ",2/#9/+ "* (6/ #/$')*)*3 2"&%()"*;  

 

C"#/"9/#? )( 8'* ,/ 2')+ (6'( (6/ %2/ ". (6/ (6#// $"&'# #'()"2 h(:" $')*(')*/+ 8"*2('*( '*+ 

"*/ $"+).)/+i +)+ *"( '&&": (6/ :'(/#a,)*+/# #'()" (" ,/ 0/4( 8"*2('*(? +%/ (" (6/ 

)*(/#+/4/*+/*8/ ". (6/ 4'#'$/(/#2; 56/ "*&- :'- (" '9")+ (6/ 9'#)'()"* ". (6/ :'(/# 8"*(/*( 

:"%&+ ,/ (" $"+).- (:" #'()"2 '( (6/ 2'$/ ()$/ h+)28%22/+ )* 2/8()"* W;Xi; 

%

V*;.&%?7%</"4"&-$/# $"#('# ."#$%&'()"*2 '*+ $/86'*)8'& 2(#/*3(62 '( ^ +'-2;  

 
� A"##/24"*+2 (" (6/ ."#$%&'()"* 2/&/8(/+ ."# (6/ #/2( ". (6/ 2(%+-; 
{ c/3'()9/ 9'&%/ +%/ (" (6/ /9'4"#'()"* ". :'(/# .#"$ (6/ '&0'&) 2)&)8'(/ 2"&%()"*;%
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1.3 Influence of the formulation ratios on the compressive strength 

*

D0k_[B2_k`#

56/ ])JFaG&FJX $"&'# #'()" )2 0*":* (" ,/ +/(/#$)*)*3 ."# (6/ $/86'*)8'& 2(#/*3(6 ". 

3/"4"&-$/#2 hI%@2"* /( '&;? F__Ei; !)3%#/ WE 26":2 (6/ 8"$4#/22)9/ 2(#/*3(6 ". 3/"4"&-$/# 

$"#('# '( ^ +'-2 ."# (6#// +)../#/*( ])JFaG&FJX $"&'# #'()"2 #'*3)*3 .#"$ X (" Y '*+ 

8"##/24"*+)*3 (" (6/ ."#$%&'()"*2 CW (" CX; G 2)3*).)8'*( )*8#/'2/? ". ',"%( Z_n? ". (6/ 

8"$4#/22)9/ 2(#/*3(6 :'2 $/'2%#/+ ,/(://* (6/ ."#$%&'()"*2 CW '*+ CF? ."&&":/+ ,- ' 

2('3*'()"* ". (6/ 9'&%/2; 56)2 4&'(/'% :'2 ",(')*/+ /9/* ). (6/ :'(/#1,)*+/# #'()" 8"*()*%/+ (" 

+/8#/'2/? (6%2 8"*.)#$)*3 (6/ )$4"#('*8/ ". (6/ ])JFaG&FJX #'()";  56/ $'@)$%$ 2(#/*3(6 

:'2 ",(')*/+ ."# (6/ $/+)'* 9'&%/ ". X;E h'( ^ +'-2i? :6)86 '&2" 26":/+ (6/ &":/2( 

+)24/#2)"*; 56/ CX ."#$%&'()"* '86)/9/+ '* /R%'& 2(#/*3(6 ,%( ' *"*1*/3&)3),&/ )*8#/$/*( 

:'2 ",2/#9/+ )* (6/ 2/(()*3 ()$/ ". (6/ $"#('# ."# (6)2 #'()"; 56)2 +/$"*2(#'(/+ (6/ )$4"#('*8/ 

". '8()9/ 2)&)8' )* (6/ 2-2(/$; `6/* )( :'2 ("" &":? (6/ 8"$4#/22)9/ 2(#/*3(6 +/8#/'2/+ '*+? 

:6/* )( :'2 ("" 6)36 #/&'()9/ (" (6/ '$"%*( ". '&%$)*)%$? )( 6'+ ' +/(#)$/*('& /../8( "* (6/ 

2/(()*3 ()$/;    

 

6+789:*/=;#;1/*%!""0'!#"$%!,7$5#16#7!1*12O/!%#/1%$&%"#l0$5#-066!%!,$#D0k_[B2_k`#/12&%#%&$01"#&$#j#-&O":#l0$5#

$5!#l&$!%[40,-!%#%&$01"E#

 

%

B2c&20#&,-#l&$!%#*%1*1%$01,"#

56/ '$"%*( ". '&0'&) h2"+)%$ )* (6)2 2(%+-i 4&'-2 '* )$4"#('*( #"&/ )* (6/ 3/"4"&-$/# 

."#$%&'()"*? '2 ' 2%..)8)/*( '$"%*( $%2( ,/ 3)9/* (" (6/ 2-2(/$ (" 2('#( (6/ 

3/"4"&-$/#)2'()"*? ,%( '* /@8/22 8'* 6'9/ +/(#)$/*('& 8"*2/R%/*8/2 2%86 '2 #/&/'2/ ". '&0'&) 

3/& '( (6/ 2%#.'8/? /..&"#/28/*8/? /(8; !)3%#/ WZ 4#/2/*(2 (6/ 8"$4#/22)9/ 2(#/*3(6 ". 

3/"4"&-$/# $"#('#2 ."# c'FJaG&FJX $"&'# #'()"2 ". _;[ (" W;^E h."#$%&'()"* 3)9/* )* 5',&/ X 
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1 CY (" C[i; 56/ $'@)$%$ 9'&%/ :'2 ",(')*/+ ."# (6/ $"&'# #'()" ". _;\; !"# '*- "(6/# 

#'()"2? &":/# "# 6)36/#? ' +/8#/'2/ ". 2(#/*3(6 :'2 ",2/#9/+; 56/ &": 2(#/*3(6 '( c'FJaG&FJX 

". _;[ 8"%&+ ,/ +%/ /)(6/# (" (6/ +#- 8"*2)2(/*8- ". (6/ $"#('# "# (" ' 4"22),&/ $"+).)8'()"* ". 

(6/ :'(/#3&'22 2"&%()"* 8'%2/+ ,- (6/ 6/'()*3 '( E_rA; 56/ +/8#/'2/ )* 2(#/*3(6 ."# 6)36/# 

#'()"2 :'2 4#",',&- 2(#"*3&- '../8(/+ ,- (6/ :'(/# 8"*(/*( h:a, .#"$ _;FZ (" _;EWi; K":/9/#? 

)( 8'**"( ,/ /@8&%+/+ (6'( (6/ '$"%*( ". '&0'&)2 6'+ '* /../8( "* (6/ 2(#/*3(6 /9"&%()"*? 2)*8/ 

(6/ '$"%*( ". c'JK :'2 '&$"2( (#)4&/+ ,/(://* #'()"2 _;\ '*+ W;^E;   

G2 2//* "* !)3%#/ W^? (6/ /@8/22 ". '&0'&)2 )* (6/ 2-2(/$2 &/+ (" (6/ 4#"+%8()"* ". ' 3/& '( (6/ 

2%#.'8/ ". (6/ 2'$4&/2? $/'*)*3 (6'( (6/#/ :'2 ("" $%86 c'{ 8"$4'#/+ (" '&%$)*)%$; 

 

%%
6+789:*/);#;1/*%!""0'!#"$%!,7$5#16#7!1*12O/!%#/1%$&%"#&$#j#-&O"#l0$5#-066!%!,$#S&_k[B2_k`#/12&%#%&$01"#

HD0k_[B2_k`#p#`Er#&,-#Ic["&,-#p#hE``J#

 

 

6+789:*/?;#G&"$!#"&/*2!#16#&#7!1*12O/!%#/&-!#l0$5#5075#S&_k[B2_k`E#

 

J,2/#9'()"* ". (6/ 2(#/*3(6 /9"&%()"* )* !)3%#/ W[? :6)86 4#/2/*(2 (6/ 8"$4#/22)9/ 2(#/*3(6 

."# 9'#)',&/ KFJac'FJ #'()"2 hCE '*+ C\ (" CWFi? &/+ (" (6/ 2'$/ 8"*8&%2)"* '2 ."# J>A 

,)*+/#2? );/; (6/ $"#/ :'(/# (6/#/ )2 )* (6/ 2-2(/$? (6/ 3#/'(/# (6/ +/8#/'2/ )* 2(#/*3(6; D* (6'( 

8'2/? "*&- (6/ :'(/# 8"*(/*( 9'#)/+? (6%2 )*9"&9)*3 ' +/8#/'2/ )* (6/ 2"+)%$ 8"*8/*(#'()"* 

h+)&%()"* +%/ (" (6/ 4#/2/*8/ ". $"#/ :'(/#i; 
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6+789:*/@;#;1/*%!""0'!#"$%!,7$5#16#7!1*12O/!%#/1%$&%"#&$#j#-&O"#l0$5#-066!%!,$#N_k[S&_k#/12&%#%&$01"#

HD0k_[B2_k`#p#`Er#&,-#Ic["&,-#p#hE``J##

 

 

D* (6)2 2(%+-? (6/ 86")8/ (" $"+).- "*&- "*/ ". (6/ (6#// $"&'# #'()"2 '( ' ()$/ $'- 6'9/ 6'+ 

(6/ +#':,'80 ". 2-2(/$'()8'&&- $"+).-)*3 (6/ :'(/# 8"*(/*( ". (6/ $)@(%#/2; 5" )*8#/'2/ (6/ 

'$"%*( ". 2"+)%$ 9/#2%2 '&%$)*)%$ hc'FJaG&FJXi? :6)&/ )(2 8"*8/*(#'()"* :'2 $')*(')*/+ 

8"*2('*( ,- (6/ #'()" KFJac'FJ? (6/ '$"%*( ". :'(/# 6'+ (" ,/ )*8#/'2/+ '2 :/&&; 56%2? '2 8'* 

,/ 2//* )* !)3%#/ W\? (6/ ."#$%&'()"*2 CY (" C[ '*+ C\ (" CWF 6'+ 9/#- 2)$)&'# :'(/# 

8"*(/*(2? '&(6"%36 (6/)# 2"+)%$ 8"*8/*(#'()"*2 :/#/ R%)(/ +)../#/*(; 56/ '8(%'& )$4'8( ". (6/ 

'$"%*( ". 2"+)%$ $'- *"( 6'9/ ,//* 4#"4/#&- 2(%+)/+ ,/8'%2/ (6/ +/8#/'2/ ". (6/ 2(#/*3(6 

:6/* (6/ c'FJaG&FJX #'()" )*8#/'2/+ $'- 6'9/ ,//* 8'%2/+ ,- (6/ )*8#/$/*( ". (6/ :'(/# 

8"*(/*( '&"*/; 

 

 

6+789:*/2;#Ig#$1#Ie_#.1/*%!""0'!#"$%!,7$5"#/1%$&%"#-!*!,-0,7#1,#$5!#l&$!%#.1,$!,$E#
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1.4 Choice of the geopolymer formulation  

 

J* (6/ ,'2)2 ". (6/ +)../#/*( (/2(2 #/4"#(/+ )* (6)2 2/8()"*? (6/ ."&&":)*3 ."#$%&'()"* :'2 

86"2/* ."# (6/ #/2( ". (6/ 2(%+-j  

 

 

 

`6)86 8"##/24"*+2 (" (6/ 3/*/#'& ."#$%&'()"*j 

 

56)2 ."#$%&'()"* :)&& ,/ %2/+ ."# (6/ #/2( ". (6/ 2(%+- '*+ "*&- (6/ '$"%*( ". :'(/# :)&& ,/ 

9'#)',&/; 56%2? ."# (6/ 2'0/ ". 2)$4&)8)(-? (6/ *"('()"* <>b :)&& ,/ '44&)/+? :6/#/ b 

8"##/24"*+2 (" (6/ 9'#)',&/ $"&'# #'()" KFJac'FJ '*+ (6/ (:" "(6/# #'()"2 #/$')* .)@/+ '( X;Z 

'*+ _;\; !)*'&&-? '2 (6)2 $'(/#)'& 6'+ ' 2(#/*3(6 8&'22 8"$4'#',&/ (" ABC D EF;E 8/$/*(? (6)2 

8/$/*( :'2 86"2/* ."# (6/ 8"$4'#'()9/ 2(%+-; 

#

2. Hardening kinetics of geopolymer 

#

56/ 8%#)*3 #'(/ )2 '* )$4"#('*( .'8("# ."# J>A 24/8)$/*2 )* "#+/# (" '*()8)4'(/ (6/ 2(#/*3(6 

"9/# ()$/; G&(6"%36 )( $'- 9'#- +/4/*+)*3 "* (6/ (-4/ ". 8/$/*(? 8"$4"2)()"* "# /9/* 

'++)()9/2 %2/+? )( )2 3/*/#'&&- 0*":* (6'( )( ('0/2 F[ +'-2 ". 8%#/ (" $'0/ 2%#/ ". 6'9)*3 '( 

&/'2( [_n ". (6/ .)*'& $/86'*)8'& 4#"4/#()/2; D* "#+/# (" /9'&%'(/ (6/ 8%#/ #'(/ ". (6/ 

3/"4"&-$/# ,)*+/#? (6/ $"#('# ."#$%&'()"* CE h<>WY;Ei? 4#/9)"%2&- +/(/#$)*/+ '2 (6/ 

"4()$'& ."#$%&'()"* ,'2/+ "* 4/#."#$'*8/ '( ^ +'-2? :'2 %2/+ '*+ (/2(/+ ."# 8"$4#/22)9/ 

2(#/*3(6 '( 9'#)"%2 $'(%#)()/2 %4 (" F -/'#2 h!)3%#/ F_i; 56/ 3#'46 ". (6/ 8%#/ #'(/ 4#/2/*(/+ 

"* ' &"3'#)(6$)8 28'&/ h!)3%#/ F_'i 26":2 (:" +)2()*8( 46'2/2; 56/ .)#2( 26":2 9/#- .'2( 

/9"&%()"* ". (6/ 2(#/*3(6 %4 (" Z_ C>' '( "*&- X +'-2 (6/*? )* (6/ 2/8"*+? 0)*/()82 '#/ 9/#- 

2&": %4 (" ^X_ +'-2 '2 (6/ 2(#/*3(6 )*8#/'2/2 ,- "*&- W_ C>' +%#)*3 (6)2 4/#)"+; D. )( )2 

8"*2)+/#/+ (6'( (6/ 2(#/*3(6 $/'2%#/+ '( F -/'#2 8"##/24"*+2 (" (6/ .)*'& 4/#."#$'*8/ ". (6/ 

$"#('# h!)3%#/ F_,i? [_n ". (6/ 3/"4"&-$/# 24/8)$/*P2 .)*'& 2(#/*3(6 :'2 ",(')*/+ )* X +'-2 

". 8%#)*3; 
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6+789:*-1;#;(%!#%&$!#7%&*5"#16#7!1*12O/!%#/1%$&%#Iq#1,#217&%0$5/0.#".&2!#*%!"!,$!0,7#$5!#.1/*%!""0'!#

"$%!,7$5"#'!%"("#$0/!#H&J#&,-#$5!#%!2&$0'!#"$%!,7$5#'!%"("#$0/!#l5!%!#ehh~#.1%%!"*1,-"#$1#$5!#60,&2#"$%!,7$5#H4JE#

 

 

56)2 9'&%/ ". [_n ". (6/ .)*'& 2(#/*3(6 )2 '* )$4"#('*( .'8("# '2 )( )2 (6)2 2(#/*3(6 (6'( .)@/+ (6/ 

8"*9/*()"*'& '3/ ". (/2()*3 '( F[ +'-2 ."# '&& J>A 2('*+'#+2; 56/ #/2%&(2 ",(')*/+ ."# 

3/"4"&-$/# $"#('#2 26":/+ (6'( (6)2 8%#)*3 4/#)"+ )2 *"( */8/22'#- 2)*8/ [_n ". (6/ .)*'& 

2(#/*3(6 :'2 '&#/'+- ",(')*/+ '( X +'-2; K":/9/#? (" /*2%#/ ' 2%..)8)/*( #/'8()"* '*+ .'8)&)('(/ 

(6/ $/'2%#/$/*(2 h$%&()4&/2 ". ^ '#/ 8"$$"*&- %2/+ ."# $'(%#)(- (/2()*3 )* 8)9)& 

/*3)*//#)*3i? ' (/2()*3 ()$/ ". ^ +'-2 :'2 86"2/* ."# (6)2 2(%+-; 

 

3. Sand proportion 

#

56/ )$4'8( ". (6/ 2'*+ 8"*(/*( ". (6/ 3/"4"&-$/# $"#('# #/3'#+)*3 (6/ 8"$4#/22)9/ 2(#/*3(6 

:'2 2(%+)/+ '*+ (6/ #/2%&(2 '#/ 4#/2/*(/+ )* !)3%#/ FW;  D( :'2 ",2/#9/+ (6'( (6/ 8"$4#/22)9/ 

2(#/*3(6 ". (6/ 3/"4"&-$/# '&"*/ '.(/# ^ +'-2 ". 8%#)*3 :'2 Y[ C>'? ' 2(#/*3(6 R%)(/ 2)$)&'# 

(" (6"2/ ",(')*/+ ."# $"#('# 6'9)*3 &/22 (6'* Y_n ". 2'*+ ,- $'22; C"#('#2 8"*(')*)*3 

,/(://* E_ '*+ [_n 2'*+ 4#/2/*(/+ ' 2(#/*3(6 ". '#"%*+ Z_ C>'? :6)86 )2 )* '3#//$/*( :)(6 

(6/ 4#/9)"%2 $/'2%#/$/*( ". 8"$4#/22)9/ 2(#/*3(6 $'+/ "* 3/"4"&-$/# $"#('# 6'9)*3 (6/ 

2'$/ ."#$%&'()"* hCE )* W;Xi; !)*'&&-? ,/-"*+ [_n ". 2'*+? (6/ 8"$4#/22)9/ 2(#/*3(6 

+#"44/+ 26'#4&- +%/ (" ' &'80 ". :"#0',)&)(- ". (6/ $"#('#? :6)86 :'2 ("" +#- (" ,/ 2/( %4 

8"##/8(&- ,/8'%2/ (6/#/ :'2 *"( /*"%36 ,)*+/# )* (6/ $)@ (" &)*0 (6/ 2'*+ 3#')*2 ("3/(6/#;  
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6+789:*-/;#;1/*%!""0'!#"$%!,7$5"#16#@GegEq#/1%$&%"#Hj#-&O"#&$#_hu;#&,-#fq~#>ENEJ#61%#-066!%!,$#"&,-#.1,$!,$"E#

 

4. Sodium silicate  

#

G 2(%+- :'2 '&2" 8"*+%8(/+ "* (6/ )*.&%/*8/ ". (6/ :'(/#3&'22 2"&%()"* %2/+ "* (6/ 

$/86'*)8'& 4/#."#$'*8/ ". 3/"4"&-$/#; !"# (6)2 4%#4"2/? (6#// $"#('#2 6'9)*3 2)$)&'# 

8"$4"2)()"*2 h])JFaG&FJX ". X;Z? c'FJaG&FJX ". _;\ '*+ KFJac'FJ ". WY;Ei :/#/ 4#/4'#/+ 

%2)*3 (6/ (6#// )*+%2(#)'& 2"&%()"*2 4#/2/*(/+ )* 5',&/ F; 5" 6'9/ 2)$)&'# 2"+)%$ 4#"4"#()"*2? 

2"&)+ 2"+' 6'+ (" ,/ '++/+ (" (6/ `3X;Y '*+ `3F;F 2"&%()"*2; !)3%#/ FF? :6)86 4#/2/*(2 (6/ 

8"$4#/22)9/ 2(#/*3(62 $/'2%#/+ '( ^ +'-2? 26":2 9/#- 8&"2/ 9'&%/2 ."# (6/ (6#// 2"&%()"*2 

(/2(/+;  

%

6+789:*--;#;1/*%!""0'!#"$%!,7$5"#16#@GegEq#7!1*12O/!%#/1%$&%"#Hj#-&O"#&$#_hu;#&,-#fq#>ENJ#*%!*&%!-#l0$5#

l&$!%72&""#"12($01,"#5&'0,7#`Eg:#_Eh#&,-#eEj#D0k_[S&_k#/12&%#%&$01"E##

 

D( :'2 2)$4&- *"(/+ (6'(? (6/ 6)36/# (6/ 2"+)%$ 8"*8/*(#'()"* ". (6/ )*)()'& '8()9'()"* 2"&%()"*? 

(6/ 2$'&&/# (6/ 2('*+'#+ +/9)'()"* ". (6/ $/'2%#/+ 9'&%/2; D( :'2 8"*8&%+/+ (6'( (6/ '++)()"* 
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". 2"+)%$ 6-+#"@)+/ ."# (6/ 4#/4'#'()"* ". (6/ '8()9'()"* 2"&%()"* &/+ (" 3#/'(/# +)24/#2)"*2 ". 

(6/ 2(#/*3(6 9'&%/2; 56%2 2"&%()"* `3W;^ :'2 86"2/* ."# (6/ #/2( ". (6/ 2(%+-; !%#(6/#$"#/? 

(6/ %2/ ". (6)2 :'(/#3&'22 2"&%()"* 4#/2/*(/+ (6/ '+9'*('3/ ". /&)$)*'()*3 (6/ '++)()"* ". 

2"+)%$ 6-+#"@)+/ +%#)*3 (6/ 4#/4'#'()"*? :6)86 8'* ,/ ' &"*3 '*+ +'*3/#"%2 2(/4; 

 

5. Curing conditions 

#

D* "#+/# (" )$4#"9/ (6/ 6-+#'()"* ". >"#(&'*+ 8/$/*(? )( )2 #/8"$$/*+/+ (" )$$/#2/ (6/ 

$"#('#2 )* :'(/# +%#)*3 (6/ 8%#/; G2 (6/#/ )2 *" 2('*+'#+ #/8"$$/*+)*3 (6/ 8"*2/#9'()"* ". 

3/"4"&-$/# 24/8)$/*2? (6/ )$4'8( ". (6/ 8%#)*3 8"*+)()"*2 "* (6/ 4/#."#$'*8/ ". (6/ 

$/('0'"&)*1,'2/+ 3/"4"&-$/# :'2 '22/22/+; 56#// 2("#'3/ 8"*+)()"*2 :/#/ )$4"2/+ "* 

3/"4"&-$/# $"#('#2 .#"$ FY6 (" FW +'-2j  +#- '($"246/#/ hF_rA? E_ V;K;i? $")2( '($"246/#/ 

hF_rA? \E V;K;i? '*+ %*+/# :'(/#; !)3%#/ FX 26":2 (6/ #/2%&(2 ". 8"$4#/22)9/ 2(#/*3(6 

",(')*/+ '.(/# (6/ FW +'-2 ". 8%#)*3; D( :'2 .)#2( ",2/#9/+ (6'(? %*&)0/ 8/$/*(? 3/"4"&-$/# 

$"#('#2 +)+ *"( ,/*/.)( .#"$ 2("#'3/ %*+/# :'(/# '2 (6/- &"2( */'#&- WE C>' )* (6/2/ 

8"*+)()"*2 8"$4'#/+ (" (6/ $'@)$%$ 2(#/*3(6 $/'2%#/+ )* ' $")2( '($"246/#/ hF_rA '*+ 

\En V;K;i; 56)2 4""# +/9/&"4$/*( ". (6/ 8"$4#/22)9/ 2(#/*3(6 %*+/# :'(/# 8"%&+ ,/ 

'((#),%(/+ (" &/'86)*3 ". (6/ '&0'&) '*+ 2)&)8' 2()&& 4#/2/*( )* (6/ 4"#/ 2"&%()"* '( FY 6 '*+ 

*/8/22'#- ."# (6/ 4#"4/# 2(#%8(%#)*3 ". (6/ 3/"4"&-$/# */(:"#0; 

%
6+789:*-';#;1/*%!""0'!#"$%!,7$5"#16#@GegEq#/1%$&%"#&$#_e#-&O":#.(%!-#(,-!%#l&$!%:#&$#fq~#>ENE:#1%#&$#qh~#

>ENE#&$#_hu;E*

 

D( :'2 '&2" 6)36&)36(/+ (6'( ' $")2( /*9)#"*$/*( :'2 4#/./#',&/ ."# 8%#)*3 2)*8/? '&(6"%36 

/@4"2%#/ (" '9/#'3/ #/&'()9/ 6%$)+)(-? 6/#/ E_n V;K;? '( FY6 +)+ *"( 2)3*).)8'*(&- )$4'8( (6/ 

$/86'*)8'& 4/#."#$'*8/? )( &/+ (" 8"*2)+/#',&/ 2%#.'8/ 8#'80)*3 2)$)&'# (" (6'( 2//* )* !)3%#/ 
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FY; 56)2 $'#0/+ 2%#.'8/ 8#'80)*3 +%/ (" +#-)*3 26#)*0'3/ 26":2 (6'(? '( FY6? (6/ $'(#)@ :'2 

*"( 2(#"*3 /*"%36 (" &)$)( (6/ 26#)*0'3/ /../8(; <)9/* (6/ /9"&%()"* ". (6/ 3/"4"&-$/# 

2(#/*3(6? )( )2 4#",',&/ (6'(? ). /@4"2%#/ (" (6/ #/&'()9/ 6%$)+)(- ". E_n 2('#(/+ '.(/# (6#// 

+'-2? 8#'80)*3 :"%&+ ,/ 3#/'(&- #/+%8/+; 56)2 '22%$4()"* :'2 9/#).)/+ ."# "(6/# ."#$%&'()"*2; 

D( :'2 '&2" *"(/+ (6'( 2%86 8#'80)*3 :'2 3#/'(/# )* (6/ 8'2/ ". 4%#/ 4'2(/ (6'* ."# $"#('#2; 

56/2/ #/2%&(2 (6%2 2%33/2( (6'( ' 8%#)*3 8"*+)()"* ". \En ". #/&'()9/ 6%$)+)(- 26"%&+ ,/ 

'44&)/+ +%#)*3 (6/ .)#2( ://0 '.(/# 8'2()*3; 

 

%%
6+789:*-<;#I&%c!-#"(%6&.!#.%&.c0,7#1,#7!1*12O/!%#/1%$&%#-(!#$1#-%O0,7#"5%0,c&7!#

 

6. Flexural strength 

 

!)3%#/ FE 3)9/2 (6/ .&/@%#'& 2(#/*3(62 $/'2%#/+ )* (6)2 2(%+- 9/#2%2 8"$4#/22)9/ 2(#/*3(62; 

56/2/ #/2%&(2 6)36&)36( ' ,/6'9)"%# 8"$$"* (" '&& (6/ FZ ."#$%&'()"*2 #/4#/2/*(/+ "* (6/ 

3#'46? :)(6 4#"4"#()"*'&)(- ,/(://* .&/@%#'& '*+ 8"$4#/22)9/ 2(#/*3(62; 56/ '9/#'3/ !2aA2 

#'()" #/'86/2 */'#&- WYn? :6)86 )2 2)3*).)8'*(&- 6)36/# (6'* (6/ !2aA2 #'()" ". W_n 3/*/#'&&- 

."%*+ ."# J>A;  

 
6+789:*-=;#=2!)(%&2#'!%"("#.1/*%!""0'!#"$%!,7$5#16#&22#$5!#7!1*12O/!%#/1%$&%";  
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%

%

%

#

#

This first part has determined the optimal formulation in terms of compressive strength 

and raw materials used, and led to the choice of CEM I 52.5 as the cement of reference 

because its strength class is similar to that of the geopolymer. The results showed that 

the standard used to make and test the cement mortar was applicable to geopolymer, 

with a few modifications, mainly concerning a reduction of the testing time and the 

curing conditions. This optimal formulation will be used in the next section in order to 

characterize the geopolymer physically and chemically and compare the results with 

those of a CEM I 52.5 cement paste.  

%
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E7%34*)*2/&),"*/,0'%08%/4&%=&050.>$&)%

%

56/ .)#2( 4'#( ". (6)2 2(%+- 6)36&)36(/+ 2)$)&'#)()/2 ,/(://* (6/ 8"$4#/22)9/ 2(#/*3(6 ". (6/ 

"4()$'& ."#$%&'()"* ". (6/ $/('0'"&)*1,'2/+ 3/"4"&-$/# ,)*+/# '*+ ABC D EF;E 8/$/*(? '*+ 

(6/ 9)',)&)(- ". 3/"4"&-$/# '2 ' ,)*+/#; K":/9/#? (6/ 86/$)8'& '*+ 46-2)8'& 86'#'8(/#)2()82 ". 

(6/ 3/"4"&-$/# $%2( ,/ '22/22/+ )* "#+/# (" 2// ). (6/ 0*":&/+3/ '8R%)#/+ "* J>A "9/# ()$/ 

8'* ,/ '44&)/+ (" (6/ 3/"4"&-$/# ,)*+/#; 

 

1. Morphological observation 

#

!)#2( ". '&&? '2 8'* ,/ 2//* "* !)3%#/ FZ? 9)2%'& ",2/#9'()"* ". (6/ 3/"4"&-$/# #/9/'&/+ ' 

6"$"3/*/"%2 2(#%8(%#/ (6'( :'2 "#'*3/18"&"%#/+ +%/ (" (6/ 4#/2/*8/ ". )#"* )* (6/ 

$/('0'"&)*; ]"$/ 2$'&& 8'9)()/2 :/#/ '&2" ",2/#9/+? 8"##/24"*+)*3 (" ')# ,%,,&/2 (#'44/+ 

+%#)*3 (6/ 4#/4'#'()"* ". (6/ ,)*+/# ,/8'%2/ ". (6/ 9)28"2)(- ". (6/ 4'2(/? :6)86 :'2 $"2(&- 

#/&'(/+ (" (6/ :'(/# 3&'22 2"&%()"*; 

 

6+789:*-);#I!$&c&120,b4&"!-#7!1*12O/!%#*%0"/#&,-#*0!.!#16#*%0"/#&6$!%#4%!&c0,7#H@GegEqJE#

 

C)8#"28"4)8 ",2/#9'()"* :'2 8'##)/+ "%( %2)*3 ' 28'**)*3 /&/8(#"* $)8#"28"4/? '*+ (6/ 

)$'3/2 ",(')*/+ '#/ 4#/2/*(/+ )* !)3%#/ F^ '( (:" +)../#/*( 28'&/2 h'i @WE_ '*+ h,i @XE_; 

I)2#/3'#+)*3 (6/ &'#3/ *%$,/# ". 8#'802 +%/ (" 2'$4&/ 4#/4'#'()"* h!)3%#/ F^'i? (6#// +)2()*8( 

46'2/2 8'* ,/ 2//*j 8#-2('&2 h)+/*().)/+ ,- �i #'*3)*3 .#"$ W_ (" W__ �$? '*+ $"2( &)0/&- 

8"##/24"*+)*3 (" (6/ R%'#(H ,#"%36( ,- (6/ $/('0'"&)*? '#/ 2%##"%*+/+ ,- ' 6"$"3/*/"%2 

#)3)+ 2(#%8(%#/? )+/*().)/+ '2 (6/ v4%#/w 3/"4"&-$/#? '*+ 246/#)8'& 8'9)()/2 h)*+)8'(/+ ,- � "* 

!)3%#/ F^i )+/*().)/+ '2 (6/ ')# ,%,,&/2 ",2/#9/+ 4#/9)"%2&-; 



Chapter I. Formulation and characterisation of metakaolin-based geopolymer 

 

- 64 - 
 

 
6+789:*-?;#G51$1/0.%17%&*5#16#/!$&c&120,b4&"!-#7!1*12O/!%#H@G#egEqJ#14$&0,!-#&$#$l1#-066!%!,$#".&2!"#H&J#

)eqh#&,-#H4J#)`qhE#H�#}(&%$M#*&%$0.2!"#&,-#�#B0%#4(442!#.&'0$0!"J#

 

D* "#+/# (" .%&&- 86'#'8(/#)2/ (6/ 3/"4"&-$/# 4'2(/? ' 2(%+- :'2 .)#2( +/+)8'(/+ (" (6/ d4%#/d 

3/"4"&-$/# 46'2/ '*+ 8"*8/#*/+ )(2 #/'8()"*? )(2 "#3'*)2'()"* '*+ )(2 8"$4"2)()"*; 56/*? 

86'#'8(/#)2'()"* '*+ R%'*().)8'()"* 2(%+)/2 :/#/ 4/#."#$/+ "* (6/ 8#-2('&&)*/ )$4%#)()/2 ". (6/ 

3/"4"&-$/#; G 8"$4&/$/*('#- )*9/2()3'()"* :'2 $'+/ "* (6/ .'(/ ". (6/ :'(/# )*(#"+%8/+ )* 

(6/ 8"$4"2)()"* ". (6/ 3/"4"&-$/#; !)*'&&-? (6/ ("('& 4"#"2)(- ". (6/ 3/"4"&-$/# '*+ (6/ 

"#3'*)2'()"* ". )(2 4"#"%2 */(:"#02 :/#/ /9'&%'(/+; `6/*/9/# 4"22),&/? (6/ #/2%&(2 ",(')*/+ 

:/#/ 8"$4'#/+ (" (6"2/ ."# ABC D EF;E; 

 

2. Characterisation of the four phases of the geopolymer 

2.1 Pure geopolymer paste 

 

56/ /@"(6/#$)8)(- ". (6/ 6-+#'()"* ". 8/$/*( )2 '* )$4"#('*( .'8("# ."# 2(%+-)*3 (6/ #/'8()9)(- 

". (6/ #/'8()"* '*+ )2 0*":* (" ,/ ' 4"(/*()'&&- 4#",&/$'()8 46/*"$/*"* h/24/8)'&&- ."# 

$'22)9/ 2(#%8(%#/2i; D( )2 (6%2 )$4"#('*( (" '22/22 (6/ (6/#$'& )$4'8( ". (6/ 3/"4"&-$/#)2'()"* 

#/'8()"*; !)3%#/ F[ 4#/2/*(2 (6/ #/2%&(2 ",(')*/+ ,- 2/$)1'+)','()8 8'&"#)$/(#- $/'2%#/$/*( 

4/#."#$/+ "* <>WY;E '*+ ABC D EF;E $"#('#2; 56/ .)#2( 3#'46 h!)3%#/ F[ 'i? 4#/2/*()*3 (6/ 

+)../#/*8/ ". (/$4/#'(%#/ ". (6/ (:" $"#('#2 9/#2%2 ()$/? 26":/+ (6'( (6/ /@"(6/#$)8)(- ". (6/ 

3/"4"&-$/#)2'()"* #/'8()"* :'2 $%86 &":/# (6'* (6'( ". (6/ 8/$/*( 6-+#'()"*; K":/9/# (6/ 

3/"4"&-$/# 2//$/+ (" 6"&+ (6/ 6/'( $"#/ '2 )(2 #/(%#* (" (6/ )*)()'& (/$4/#'(%#/ :'2 2&":/# 

h*/'#&- F_6i; 56/2/ #/2%&(2? 8"*9/#(/+ )*(" 6/'( #/&/'2/2 h/@4#/22/+ )* f;31W ". ,)*+/# 2"&)+ 

.#'8()"*i? 26": (6'( (6/ 6/'( #/&/'2/ :'2 $"#/ (6'* (:)8/ '2 6)36 ."# 8/$/*( '2 ."# (6/ 

3/"4"&-$/# h!)3%#/ F[,i;  
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6+789:*-@;#D!/0b&-0&4&$0.#.&21%0/!$%O#&,&2O"0"#"51l0,7#&J#$5!#.(/(2&$0'!#5!&$#%!2!&"!#0,#$5!#60%"$#_g#51(%"#&,-#

4J##$5!#-066!%!,.!#16#$!/*!%&$(%!#,1$!-#-(%0,7#$5!#7!1*12O/!%0"&$01,#16#&#@GegEq#/1%$&%#&,-#$5!#5O-%&$01,#16#&#

;?I<#q_Eq#/1%$&%E#

 

56/ .'8( (6'( &/22 6/'( :'2 3/*/#'(/+ ,- (6/ 3/"4"&-$/#)2'()"* #/'8()"* (6'* ,- 8/$/*( 8'* ,/ 

' 8&/'# '+9'*('3/ '2 (/$4/#'(%#/ #)2/2 '#/ 2"$/()$/2 6'#$.%& ."# 8/$/*(1,'2/+ $'(/#)'&2; 

K":/9/#? (6)2 8"%&+ 8'&& (6/ #/'8()9)(- ". (6)2 #/'8()"* )*(" R%/2()"*; ]"? )* "#+/# (" ,/ 2%#/ 

(6'( (6/ #/'8()"* ". (6/ $/('0'"&)* )* (6/ 3/"4"&-$/# :'2 8"$4&/(/? +)../#/*()'& 28'**)*3 

8'&"#)$/(#- :'2 8"*+%8(/+ "* (6/ $/('0'"&)* '*+ (6/ <>WY;E h!)3%#/ F\i;  

 

56/ $/('0'"&)* '*'&-2)2 26":2 (6#// /*+"(6/#$)8 4/'02; 56/ .)#2( "*/? '( WYFrA? 8"%&+ ,/ +%/ 

(" (6/ 4#/2/*8/ ". #/2)+%'& :'(/# )* (6/ $/('0'"&)* h4#",',&- ,/8'%2/ ". (6/ #/&'()9/ 6%$)+)(- 

". (6/ ')#i; 56/ 2/8"*+? 2$'&& /*+"(6/#$)8 4/'0? '( E^XrA? 8"##/24"*+2 (" 86'*3/2 )* (6/ 

R%'#(H 2(#%8(%#/? :6)86 4'22/2 .#"$ � (" �? '*+ (6/ (6)#+? '( Z^[rA? :'2 )+/*().)/+ '2 8'#,"*'(/ 

h8'&8)(/i; !)*'&&-? ' #/&'()9/&- &'#3/ /@"(6/#$)8 4/'0 :'2 6)36&)36(/+ '#"%*+ \[_rA +%/ (" (6/ 

2(#%8(%#'& #/"#3'*)H'()"* ". (6/ $/('0'"&)* :6/* )( :'2 (#'*2."#$/+ )*(" $%&&)(/ 4#/8%#2"# 

h]'* c)8"&'2? F_WWi;  

J* (6/ 3/"4"&-$/# 4'2(/ '*'&-2)2? (6/ 2'$/ (6#// /*+"(6/#$)8 4/'02 :/#/ ."%*+? :)(6 (6/ 

2'$/ )*(/*2)()/2? /@8/4( ."# (6/ "*/ '22"8)'(/+ :)(6 :'(/#? :6)86 '44/'#/+ $%86 $"#/ 

)*(/*2/? 26":)*3 ' 3#/'(/# '$"%*( ". :'(/# )* (6/ 3/"4"&-$/#; 56/ 4/'02 '22"8)'(/+ :)(6 

R%'#(H '*+ 8'&8)(/ 6'+ 2)$)&'# )*(/*2)()/2 )* ,"(6 '*'&-2/2? 2%33/2()*3 (6'( (6/ )$4%#)(- ". (6/ 

$/('0'"&)* :'2 2()&& 4#/2/*( )* (6/ 3/"4"&-$/#; !)*'&&-? (6/ $"2( )$4"#('*( )*."#$'()"* :'2 

3)9/* ,- (6/ /9"&%()"* ". (6/ 4/'0 '( \[_rA ,/(://* (6/ $/('0'"&)* '*+ (6/ 3/"4"&-$/#; 56)2 

/*+"(6/#$)8 4/'0 :'2 2()&& 4#/2/*( )* (6/ 3/"4"&-$/#? ,%( $%86 $"#/ .&'#/+ (6'* )* (6/ )*)()'& 

$/('0'"&)* 4":+/#; 56/ 4#/2/*8/ ". (6)2 4/'0 $/'*( (6'( *"( '&& (6/ $/('0'"&)* )* (6/ 

3/"4"&-$/# 4'2(/ 6'+ #/'8(/+ '.(/# ^ +'-2;  
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6+789:*-2;#C066!%!,$0&2#".&,,0,7#.&21%0/!$%O#*!%61%/!-#&$#_hu;[/0,#(*#$1#ehhhu;#1,#62&"5#/!$&c&120,#&,-#

7!1*12O/!%#@GegEq#&$#j#-&O"E#

 

 

G* b1#'- +)..#'8()"* '*'&-2)2 :'2 4/#."#$/+ "* ,"(6 $/('0'"&)* '*+ 3/"4"&-$/# (" 2// (6/ 

)$4'8( ". (6/ 3/"4"&-$/#)2'()"* #/'8()"* "* (6/ "#3'*)2'()"* ". (6/ $'(/#)'&;  J,2/#9'()"* ". 

(6/ bVI 4'((/#*2 4#/2/*(/+ )* !)3%#/ X_ #/9/'&/+ )*."#$'()"* "* (6/ (:" 4#/9)"%2&- ",2/#9/+ 

46'2/2; V/3'#+)*3 (6/ '$"#46"%2 46'2/? )+/*().)/+ 4#/9)"%2&- '2 (6/ $/('0'"&)*? ' 26).( ". (6/ 

+)..#'8()"* 6'&" (":'#+2 6)36/# +)..#'8()"* '*3&/2 :'2 ",2/#9/+ ."# (6/ 3/"4"&-$/# '*+ (6/ 

)*(/*2)(- ". (6/ 6'&" '44/'#/+ 3#/'(/#; 56)2 26).( :'2 '((#),%(/+ (" (6/ #/"#3'*)2'()"* ". (6/ 

'&%$)*"2)&)8'(/ 4#/8%#2"#2 (" ."#$ (6/ 3/"4"&-$/# 2(#%8(%#/? (6%2 6)36&)36()*3 (6/ #/'8()"* ". 

(6/ $/('0'"&)* '*+ (6/ '$"#46"%2 2(#%8(%#/ ". (6/ v4%#/w 3/"4"&-$/#; 

 

D( :'2 '&2" *"(/+ (6'( '&& 8#-2('&&)*/ 8"$4"%*+2 (6'( 6'+ ,//* 4#/9)"%2&- )+/*().)/+ )* (6/ 

$/('0'"&)* :/#/ 2()&& 4#/2/*( )* (6/ 3/"4"&-$/# 4'2(/? ,%( :)(6 &":/# )*(/*2)(-; c" */: 

8"$4"%*+2 :/#/ ",2/#9/+; 56)2 #/2%&( 8"*.)#$2 (6/ 8"/@)2(/*8/ ". '$"#46"%2 '*+ 8#-2('&&)*/ 

46'2/2 )* (6/ 3/"4"&-$/# 4'2(/? '2 ",2/#9/+ ,- ]BC? :)(6 (6/ '$"#46"%2 46'2/ 

8"##/24"*+)*3 (" (6/ d4%#/d 3/"4"&-$/# '*+ (6/ 8#-2('&&)*/ 46'2/ 4#/2/*()*3 /@'8(&- (6/ 2'$/ 

)$4%#)()/2 '2 )* $/('0'"&)*;  
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6+789:*'1;#w>C#*&$$!%,#16#62&"5b.&2.0,!-#/!$&c&120,#&,-#*(%!#7!1*12O/!%#@GegEqE#

 

 

D* "#+/# (" )+/*().- (6/ 4"(/*()'&&- +)../#/*( 46'2/2 ". (6/ d4%#/d 3/"4"&-$/#? 

(6/#$"3#'9)$/(#)8 '*'&-2)2 :'2 8'##)/+ "%(; 56)2 '*'&-2)2 ". (6/ $'22 &"22 ."# ' 8/$/*( 

2'$4&/ +/4/*+)*3 "* (6/ (/$4/#'(%#/ '&&":2 (6/ +)../#/*( 6-+#'(/2 4#/2/*( (" ,/ )+/*().)/+ 

(6#"%36 +)../#/*( :'(/# &"22/2? '2? ."# /@'$4&/? )* (6/ +/6-+#'()"* ". (6/ A1]1K '*+ /((#)*3)(/ 

'#"%*+ W__1F__rA h� "* !)3%#/ XX'i? (6/ +/6-+#"@-&'()"* ". 4"#(&'*+)(/ ,/(://* YE_1E__rA 

h� "* !)3%#/ XX'i? '*+ (6/ +/8'#,"*'()"* ". 8'&8)%$ 8'#,"*'(/ 8"$)*3 .#"$ (6/ 8&)*0/# '*+a"# 

8'&8)(/ '( ^E_rA h� "* !)3%#/ XW'i;  

 

56/ /9"&%()"* ". (6/ $'22 ". ' <>WY;E 3/"4"&-$/# 2'$4&/ 2%,7/8(/+ (" ' (/$4/#'(%#/ #)2/ ". 

F_rAa$)* %4 (" \E_rA )2 '&2" 4#/2/*(/+ )* !)3%#/ XW '; D( 26":2 "*&- "*/ 2)3*).)8'*( &"22 ". 

$'22 ,/(://* W__r '*+ F__rA? :6)86 :'2 9/#- 4#",',&- +%/ (" +/6-+#'()"* ". (6/ 2(#%8(%#/ 

'2 :'(/# :'2 $/'2%#/+ ,- $'22 24/8(#"28"4- h!)3%#/ XW,i '( (6)2 (/$4/#'(%#/; t/(://* 

W__rA '*+ ^__rA 2"$/ 9/#- 2$'&& $'22 &"22/2 :/#/ $/'2%#/+ '*+ :/#/ )+/*().)/+ ,- C] '2 

(6#// +)../#/*( #/&/'2/2 ". 8'#,"* +)"@)+/ h!)3%#/ XW,i; D( 8'* ,/ 8"*8&%+/+ .#"$ (6)2 '*'&-2)2 

(6'(? %*&)0/ 8/$/*(? 3/"4"&-$/#2 26":/+ "*&- "*/ (-4/ ". 2(#%8(%#/ )*8"#4"#'()*3 :/'0&- 

,"%*+ :'(/# '*+ '&2" (6/ 4#/2/*8/ ". 8'#,"*'(/2? :6)86 $'- 6'9/ 8"$/ .#"$ 8'&8)(/ "# ' 

#'4)+ 8'#,"*'()"* ". (6/ $'(/#)'&; 
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6+789:*'/;#95!%/17%&'0/!$%0.#&,&2O"0"#16#7!1*12O/!%#*&"$!#&$#j#-&O"#*!%61%/!-#&$#_hEh#u;[/0,#(*#$1#fqhu;#

l0$5#&J#-066!%!,$0&2#$5!%/&2#&,&2O"0"#&,-#4J#N_k#&,-#;k_#/&""#"*!.$%1".1*O#"*!.$%(/E#9@B#&,-#C9@#16#;?I#<#

q_Eq#.!/!,$#*&"$!#Hl[.phEqJ#&$#_t#-&O"#0"#&2"1#*%!"!,$!-E#

 

 

!)*'&&-? )* "#+/# (" ",(')* (6/ 86/$)8'& 8"$4"2)()"* ". (6/ d4%#/d 3/"4"&-$/#? /&/8(#"* 

$)8#"4#",/ '*'&-2)2 :'2 8"*+%8(/+; 5:" 4)/8/2 ". <>WY;E ^ @ Y;X @ F;F 8$ 4#)2$2 0/4( ."# ^ 

+'-2 :)(6"%( /@(/#*'& /@86'*3/2 :/#/ (6%2 8'#/.%&&- 86"2/*? "*/ .#"$ (6/ 8/*(#/ '*+ "*/ 

8&"2/# (" (6/ 2%#.'8/? (6/* 4&'8/+ )* ' #/2)* '*+ 4"&)26/+ )* "#+/# (" 6'9/ '* '*'&-2)2 2%#.'8/ ". 

'#"%*+ _;E @ _;E 8$; 56/ ",2/#9'()"* ". (6/2/ $'(#)8/2 :)(6 (6)2 +/9)8/ #/9/'&/+ ' 8/#(')* 

6/(/#"3/*/)(- '*+ &/+ (" (6/ )+/*().)8'()"* ". (6/ R%'#(H '*+ ()('*)%$ "@)+/2? '*+ '&2" ". )#"* 

"@)+/2 :6)86 6'+ *"( ,//* 2//* ,- bVI? '*+ #'#/ $)*/#'&2 &)0/ H)#8"*; K":/9/#? (6/ 46'2/ 

8"##/24"*+)*3 (" 3/"4"&-$/# :'2 /'2)&- )+/*().)',&/ '*+ :'2 (6/ 2%,7/8( ". R%'*()('()9/ 

'*'&-2)2 hE_ 4")*(2 ". '*'&-2)2 4/# 2'$4&/i;  
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!)3%#/ XF 4#/2/*(2 (6/2/ (:" '*'&-2/2 "* ' (/#*'#- +)'3#'$ #/4#/2/*()*3 (6/ $'22 4/#8/*('3/ 

". ])JF? G&FJX '*+ c'FJ h\W $/'2%#/$/*(2? '.(/# #/$"9'& ". (6/ "%(&)/# 9'&%/2i; 56)2 

#/4#/2/*('()"* 6)36&)36(2 '* )+/*()8'& 86/$)8'& 8"$4"2)()"* ."# ,"(6 (6/ 8/*(#/ '*+ (6/ 2%#.'8/ 

2'$4&/;  

 

 
6+789:*'-;#9!%,&%O#-0&7%&/#4O#/&""#16#D0k_:#B2_k`#&,-#S&_k#/!&"(%!-#4O#!2!.$%1,#/0.%1*%14!#1,#@GegEq#&$#j#

-&O"#Hfe#/!&"(%!/!,$"JE#

 

56/ $'22 8"*(/*(2 ". (6/2/ "@)+/2 $/'2%#/+ ,- $)8#"4#",/ '*+ /@4#/22/+ '2 ' 4/#8/*('3/ ". 

(6/ 2"&)+ .#'8()"* '#/ 4#/2/*(/+ )* 5',&/ Y; D* (6)2 (',&/? (6/ (6/"#/()8'& "@)+/2 8"*(/*( 

8'&8%&'(/+ .#"$ (6/ '$"%*( ". #': $'(/#)'&2 )*(#"+%8/+ h/@4#/22/+ )* 4/#8/*('3/ ". (6/ 2"&)+ 

.#'8()"*i '#/ '&2" 4#/2/*(/+? ("3/(6/# :)(6 (6/ 8"##/24"*+)*3 $"&'# #'()"2; A"*8/#*)*3 (6/ 

$/'2%#/+ 2)&)8' 8"*(/*(? (6/ $'22 4/#8/*('3/ '44/'#2 (" ,/ 9/#- 8&"2/ (" (6/ (6/"#/()8'& 9'&%/ 

)*(#"+%8/+ )* (6/ $)@(%#/; K":/9/#? ",2/#9'()"* ". (6/ $"&'# #'()"2 ])JFaG&FJX '*+ 

])JFac'FJ 26":/+ ' &'#3/# '$"%*( ". 2)&)8' h9/#2%2 '&%$)*)%$ '*+ 2"+)%$i 8"$4'#/+ (" (6/ 

8'&8%&'(/+ 9'&%/; D( 6'2 ,//* 8'&8%&'(/+ (6'( '* ])JFaG&FJX $"&'# #'()" ". Y;FW :"%&+ 

8"##/24"*+ (" (6/ )*8"#4"#'()"* ". Y_n ". (6/ 2)&)8' ". (6/ $/('0'"&)*? :6/#/'2 )( :'2 

4#/9)"%2&- /2()$'(/+ (6'( "*&- F\n :'2 '9')&',&/ ."# (6/ 3/"4"&-$/#)2'()"*; 5:" 6-4"(6/2/2 

8'* ,/ 4%( ."#:'#+ (" /@4&')* (6)2 /@8/22j )( )2 4"22),&/ (6'( (6/ '$"%*( ". '9')&',&/ 2)&)8' )* 

(6/ $/('0'"&)* :'2 %*+/#/2()$'(/+ "#? '&(6"%36 (6)2 )2 %*&)0/&- 3)9/* (6/ 9/#- 6)36 

8#-2('&&)*)(- ". R%'#(H? (6/ 9/#- ,'2)8 '8()9'()"* 2"&%()"* $'- 6'9/ &/+ (" +)22"&%()"* ". 4'#( ". 

(6)2 2)&)8'; 56)2 26":/+ (6/ */8/22)(- ."# '* '88%#'(/ '22/22$/*( ". (6/ 8#-2('&&)*/ 46'2/? 

,/."#/ '*+ '.(/# 3/"4"&-$/#)2'()"*;  
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t%( (6/ $"2( &)0/&- 6-4"(6/2)2 (6'( 8"%&+ /@4&')* (6)2 #'()" :"%&+ ,/ (6'( (6/ $)8#"4#",/ 

'*'&-2)2 :'2 *"( ',&/ (" '*'&-2/ (6/ d4%#/d 3/"4"&-$/# '&"*/ ,/8'%2/ 2"$/ R%'#(H :'2 

4#/2/*( '2 *'*"28'&/ 4'#()8&/2 '*+ 2" :"%&+ 6'9/ ,//* 8"*2)+/#/+ +%#)*3 (6/ R%'*().)8'()"* 

:)(6"%( ,/)*3 9)2),&- +/(/8(/+; 56/ '*'&-2)2 6'9)*3 ' $/'2%#/$/*( '#/' ". F @ F @ F �$? (6)2 

:"%&+ $/'* (6'( '#"%*+ WWn ". (6/ 2)&)8' )* (6/ 3/"4"&-$/# h8"##/24"*+)*3 (" Y_n $/'2%#/+ 

1 F\n '22%$/+i :"%&+ ,/ )* (6/ ."#$ ". $)8#" "# *'*"28'&/ R%'#(H 4'#()8&/2;  

 

V*;.&%C; ])JF G&FJX '*+ c'FJ $'22 8"*(/*( $/'2%#/+ ,- $)8#"4#",/ '*+ 8'&8%&'(/+ .#"$ (6/ '$"%*( ". #': 
$'(/#)'&2 )*(#"+%8/+ h/@4#/22/+ )* 4/#8/*('3/ ". (6/ 2"&)+ .#'8()"*i '*+ (6/ 8"##/24"*+)*3 $"&'# #'()"2;

 
 

A"*8/#*)*3 (6/ '&%$)*)%$ '*+ 2"+)%$ 8"*(/*(2 $/'2%#/+? )* 9)/: ". (6/ $"&'# #'()"2? (6/#/ 

'44/'#2 (" ,/ '* '&0'&)*/ +/.)8)/*8-? (6/ 9'&%/ ". _;[F ",(')*/+ ,/)*3 ,/&": (6/ ('#3/( 9'&%/ 

". _;\X; 56)2 &":/# '&0'&) 8"*(/*( 8'* ,/ /@4&')*/+ ,- (6/ .'8( (6'(? '( (6)2 ()$/? (6/ 

3/"4"&-$/#)2'()"* #/'8()"* :'2 *"( 8"$4&/(/+ h'2 )+/*().)/+ ,- I]Ai '*+ (6/#/."#/ (6/ '&0'&) 

)*(#"+%8/+ $'- *"( -/( 6'9/ ,//* 8"$4&/(/&- )*(/3#'(/+ )*(" (6/ 2(#%8(%#/; G*"(6/# 

/@4&'*'()"* ."# (6)2 '&0'&) +/.)8)/*8-? #/&'()9/ (" (6/ 2)&)8' '*+ '&%$)*)%$? 8"%&+ ,/ 3)9/* ,- 

",2/#9)*3 (6/ 286/$'()8 #/4#/2/*('()"* ". (6/ 3/"4"&-$/#)8 */(:"#0 $'+/ ,- t'#,"2' h!)3%#/ 

XXi; D* (6)2 )&&%2(#'()"*? (6/ 2"+)%$ +"/2 *"( '44/'# (" ,/ ,"*+/+ (" (6/ 2(#%8(%#/? ,%( #'(6/# 

)*2/#(/+ )* (6/ 6"&/2 ,/(://* (6/ 2)&)8"*1'&%$)*)%$ 86')*2; G&0'&) 8"%&+ (6/#/."#/ 6'9/ 

2)3*).)8'*( $",)&)(- )* (6/ 6'#+/*/+ 3/"4"&-$/#? :6)86 8"%&+ ,/ #/24"*2),&/ ."# (6/ 

+/.)8)/*8- $/'2%#/+ ,- $)8#"4#",/; D( 8"%&+ ,/ '22%$/+ (6'(? +%#)*3 (6/ 2'$4&/ 4#/4'#'()"* 

h4"&)26)*3? +#-)*3? '*+ 4&'8)*3 )* ' 9'8%%$i? 4'#( ". (6/ 2"+)%$ :'2 /@4/&&/+ .#"$ (6/ 

$'(/#)'&? /@4&')*)*3 :6- (6/ $/'2%#/+ $"&'# #'()" :'2 &":/# (6'* (6/ (6/"#/()8'& "*/; 

 

6+789:*'';#D!/0b".5!/&$0.#"$%(.$(%!#61%#S&d*12O"0&2&$!#*12O/!%#*%1*1"!-#4O#Q&%41"&:#I&.c!,M0!:#&,-##

95&(/&$(%71#HQ&%41"&#!$#&2E:#_hhhJ# #
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2.2 Quantification of the crystalline part 

#

56/ 8#-2('&&)*/ 46'2/ ". (6/ 3/"4"&-$/# 6'2 ,//* 4#/9)"%2&- )+/*().)/+ '2 "#)3)*'()*3 

/@8&%2)9/&- .#"$ (6/ $/('0'"&)*; 56/ 2(%+- ". (6)2 46'2/ :'2 (6/#/."#/ "#)/*(/+ (":'#+2 )(2 

R%'*().)8'()"* )* ,"(6 $/('0'"&)* '*+ 3/"4"&-$/#? %2)*3 (:" +)../#/*( $/(6"+2? (" '22/22 

:6/(6/# (6/ 3/"4"&-$/#)2'()"* #/'8()"* '&(/#/+ (6/2/ 8#-2('&2;  

 

!)#2(? R%'*().)8'()"*2 ,- (6/ V)/(9/&+ $/(6"+ :/#/ 4/#."#$/+ "* (6/ bVI 4'((/#*2 ". (6/ 

$/('0'"&)* '*+ (6/ 3/"4"&-$/# 4'2(/ <>WY;E; 56/ V)/(9/&+ $/(6"+ )2 ' .%&&14'((/#* '*'&-2)2 

(6'( $)*)$)H/2 (6/ +)../#/*8/ ,/(://* /@4/#)$/*('& '*+ 8'&8%&'(/+ bVI +)'3#'$2 ,- ' &/'2(1

2R%'#/2 4#"8/+%#/; 5" 8'&8%&'(/ '* bVI +)'3#'$? 2"$/ 4'#'$/(/#2 6'9/ (" ,/ 0*":* '*+ 

'+7%2(/+ )* (6/ &/'2( 2R%'#/2 #/.)*/$/*( hC'6)/%@ /( '&? F_W_i; >#'8()8'&&-? /@)2()*3 (/@( .)&/2? 

*'$/+ AD! .)&/2? 3#"%4)*3 ("3/(6/# '&& (6/2/ +'(' ."# /'86 $)*/#'&? '#/ '9')&',&/ "*&)*/ )* (6/ 

G$/#)8'* C)*/#'&"3)2( A#-2('& ](#%8(%#/ I'(','2/ h5$$*W[[%%(66E7!1E&%0M1,&E!-([JE ]/9/#'& 

/..)8)/*( V)/(9/&+ 4#"3#'$2 '#/ '&2" '9')&',&/ ."# 2(#%8(%#/ #/.)*/$/*( '*+ R%'*()('()9/ 

'*'&-2)2 '*+? ."# (6)2 2(%+-? (6/ 2".(:'#/ %2/+ :'2 (6/ V)/(9/&+1,'2/+ C'%+ 2".(:'#/ 2-2(/$ 

+/9/&"4/+ ,- O%((/#"(() hCGQI? F_WF= O%((/#"(() /( '&;? W\\\i; 56/ V)/(9/&+ #/.)*/$/*( :'2 

4/#."#$/+ '.(/# )+/*().-)*3 (6/ 8#-2('&&)2/+ $)*/#'&2 hDAII 8'#+2i '*+ .)*+)*3 (6/ ,'2)8 

8#-2('& 2(#%8(%#/2 hAD! .)&/2i; D* (6/ 8'2/ ". (6/ '$"#46"%2 46'2/? (6/ '44#"'86 2%33/2(/+ ,- 

O%((/#"(() /( '&; hW\\[i ,'2/+ "* 4#/9)"%2 :"#0 ,- O/ t')& hW\\Ei :'2 %2/+? )* :6)86 (6/ 

'$"#46"%2 46'2/ )2 $"+/&/+ '2 ' *'*"8#-2('&&)*/ 2"&)+ :6/#/ (6/ &"*31#'*3/ "#+/# )2 &"2(; 56/ 

AD! .)&/2 %2/+ ."# (6/ '$"#46"%2 46'2/ :/#/ ."%*+ )* (6/ +'(','2/ ". (6/ d])&)8' G& <&'22? 

G$"#46? 8%,)8d 2".(:'#/ '*+ :'2 %2/+ (" #/.)*/ ,"(6 $/('0'"&)* '*+ 3/"4"&-$/#; 

 

 !)3%#/ XY? :6)86 #/4#/2/*(2 /@4/#)$/*('& b1#'- +)..#'8()"* 4'((/#*2 ". (6/ $/('0'"&)* h'i '*+ 

(6/ 3/"4"&-$/# h,i :)(6 (6/ 8'&8%&'(/+ '$"#46"%2 8"*(#),%()"*? 26":2 3""+ 2%4/#4"2)()"* ". 

(6/ '$"#46"%2 6'&" )* ,"(6 8'2/2? #/2%&()*3 )* ' &)*/'# +)../#/*8/ 4'((/#* h/@8/4( ."# (6/ 

8#-2('& 4/'0 *"( #/.)*/+i; D* (6/ 8'2/ :6/#/ '&& 8"$4"*/*(2 :/#/ 8"*2)+/#/+ )* (6/ 8"$4%(/+ 

+)'3#'$ h!)3%#/ XY 8 '*+ +i "*&- 2&)36( +)../#/*8/2 :/#/ ",2/#9/+ )* (6/ )*(/*2)(- ". 2"$/ 

$'7"# 4/'02; J(6/#:)2/? (6/ 4'((/#*2 "9/#&'44/+ :/&&? (6%2 8"*.)#$)*3 (6/ #/&)',)&)(- ". (6/ 

$/(6"+; 
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6+789:*'<;#I!$&c&120,#H&#&,-#.J#&,-#$5!#7!1*12O/!%#H4#&,-#-J#>0!$'!2-#%!60,!/!,$#*%!"!,$0,7#1,2O#$5!#

&/1%*51("#.1,$%04($01,#H&#&,-#4J#&,-#$5!#1'!%&22#K(&,$060.&$01,#H.#&,-#-JE##

 

56/ #/2%&(2 ",(')*/+ .#"$ V)/(9/&+ R%'*().)8'()"* ."# (6/ $/('0'"&)* hC0i '*+ (6/ 

3/"4"&-$/# h<>i '#/ 4#/2/*(/+ )* 5',&/ E; G +/8#/'2/ :'2 ",2/#9/+ )* (6/ R%'*()(- ". /'86 ". 

(6/ 8#-2('&&)2/+ 8"$4"*/*(2 )* (6/ 3/"4"&-$/# '*'&-2)2 8"$4'#/+ (" (6/ $/('0'"&)*? /;3; (6/ 

R%'*()(- ". R%'#(H ./&& .#"$ YEn (" XFn; 56)2 +/8#/'2/ :'2 +%/ (" (6/ +)&%()"* /../8( (6'( 

"88%##/+ +%#)*3 (6/ 4#/4'#'()"* :)(6 (6/ '++)()"* ". 2"+)%$ 2)&)8'(/; K":/9/#? 2)*8/ '&& (6/ 

R%'*()()/2 )*(#"+%8/+ :/#/ 0*":*? )( :'2 4"22),&/ (" 8'&8%&'(/ (6/ (6/"#/()8'& '$"%*( ". 

R%'#(H )* (6/ 3/"4"&-$/# ). '&& (6/ YEn ."%*+ )* (6/ $/('0'"&)* :'2 4#/2/*(; 

%

V*;.&%F7  V)/(9/&+ R%'*().)8'()"* ". (6/ 8#-2('&&)*/ 8"$4"%*+2 ". C0 '*+ <> WY;E 4#/2/*(/+ )* $'22 n; 

 

 

5" 4/#."#$ (6/ 8'&8%&'()"*? (6/ 4#/9)"%2 #/2%&( )*+)8'()*3 (6'( (6/ :'(/# )*(#"+%8/+ +)+ *"( 

."#$ '*- 6-+#'(/2 )* (6/ 2(#%8(%#/ :'2 /@4&")(/+; D. (6/ :'(/# :'2 *"( 4#/2/*( )* 8#-2('&&)*/ 

."#$ )( 8"%&+ *"( ,/ 8"*2)+/#/+ +%#)*3 (6/ R%'*().)8'()"* %2)*3 (6/ bVI 4'((/#*;  
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BR%'()"* hWi 26":2 (6/ $'22 8"*(/*( ". (6/ (:" 2"&)+ 2"%#8/2j (6/ $/('0'"&)* '*+ '&2" (6/ 

2)&)8' '*+ 2"+)%$ 4#"9)+/+ ,- (6/ '8()9'()*3 2"&%()"*; 56%2? '2 )( :'2 '22%$/+ (6'( (6/ :'(/# 

:'2 *"( 8"*2)+/#/+ ."# (6/ R%'*().)8'()"*? $/('0'"&)* :"%&+ #/4#/2/*( ^Yn ". (6/ .)*'& $'22 

". (6/ 3/"4"&-$/# h/R%'()"* Fi; c":? 8"*2)+/#)*3 (6/ YEn ". R%'#(H ."%*+ )* (6/ ^Yn ". 

$/('0'"&)*? (6/ (6/"#/()8'& R%'#(H 8"*(/*( )* (6/ 3/"4"&-$/# :"%&+ ,/ XXn h/R%'()"* Xi; 56/ 

8"*(/*( ."%*+ )* (6/ 3/"4"&-$/# ,- (6/ V)/(9/&+ $/(6"+? 3)9)*3 ' 8&"2/ 9'&%/ ". XFn? :"%&+ 

$/'* (6'( (6/ 6-4"(6/2)2 ". (6/ :'(/# *"( ,/)*3 )* (6/ ."#$ ". 6-+#'(/2 8"%&+ ,/ 8"*2)2(/*( 

'*+ (6'( R%'#(H :'2 $"2( &)0/&- *"( '&(/#/+ ,- (6/ 3/"4"&-$/#)2'()"* #/'8()"*;  

 

G* b1#'- ("$"3#'46- 2(%+- :'2 '&2" 4/#."#$/+ "* ' 2'$4&/ ". 3/"4"&-$/# 6'9)*3 (6/ 2'$/ 

."#$%&'()"* h<>WY;Ei? '&&":)*3 ,"(6 (6/ R%'*().)8'()"* ". (6/ R%'#(H 8#-2('&2? '*+ (6/ 

9)2%'&)H'()"* ". (6/)# +)2(#),%()"*; 56/ )$'3/ ". ' 8#"22 2/8()"* 4#/2/*(/+ )* !)3%#/ XE' 

6)36&)36(2 (6/ 9'#)"%2 8"$4"*/*(2; 56/ ,&'80 8)#8&/2 )*2)+/ (6/ $'(/#)'& :/#/ 4#/9)"%2&- 

)+/*().)/+ '2 "88&%+/+ ')# ,%,,&/2? (6/ $'*- &)36(/# 3#/- 24"(2 6'9)*3 #'*+"$ ."#$2 :/#/ 

'22)3*/+ (" (6/ 8#-2('&&)*/ 46'2/? :6)&/ (6/ +'#0 3#/- #/4#/2/*(2 (6/ '$"#46"%2 4'#(; J* (6/ 

XI 2/8()"* ". (6/ 2'$4&/ 4#/2/*(/+ )* !)3%#/ XE,? '&& (6/ +'#0 3#/- 6'2 ,//* #/$"9/+ )* "#+/# 

(" )2"&'(/ (6/ 8#-2('&&)*/ 4'#( ". (6/ 2'$4&/ 2" '2 (" ,/ ',&/ (" R%'*().- )(;  

 

 

6+789:*'=;#wb%&O#$1/17%&*5O#'0"(&20M&$01,#16#7!1*12O/!%#*&"$!#"51l0,7W#&J#&#.%1""#"!.$01,#&,-#4J#&#`C#"!.$01,#

l5!%!#$5!#�*(%!�#7!1*12O/!%#5&"#4!!,#%!/1'!-E#
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!)#2(? (6)2 '*'&-2)2 26":/+ ' 9/#- 6"$"3/*/"%2 +)2(#),%()"* ". (6/ 8#-2('&2 (6#"%36 (6/ 

2'$4&/? :)(6 2)H/2 #'*3)*3 .#"$ (6/ #/2"&%()"* &)$)( ". 2"$/ �$ %4 (" ',"%( Z__�$; 56/ 

R%'*().)8'()"* 8'&8%&'()"* '&2" #/9/'&/+ (6'( (6/ 8#-2('&&)*/ 46'2/ #/4#/2/*(/+ W^n ,- 9"&%$/ 

)* (6/ 2'$4&/; x*":)*3 (6/ +/*2)(- ". (6/ 3/"4"&-$/# 4'2(/ hW;XYi? '*+ 3)9/* (6'( (6/ 

$'7"#)(- ". (6/ 8#-2('&&)*/ 46'2/ :'2 8"$4"2/+ ". R%'#(H 6'9)*3 ' +/*2)(- ". F;ZE? )( :'2 (6/* 

4"22),&/ (" 8'&8%&'(/ (6/ $'22 .#'8()"* ". (6)2 8#-2('&&)*/ 46'2/ 9)' (6/ 8'&8%&'()"* ,/&":j 

 

 

 

56%2 (6/ $/(6"+2 %2/+ (" R%'*().- (6/ 8#-2('& 46'2/ ". (6/ 3/"4"&-$/#? /'86 )*9"&9)*3 

+)../#/*( 4'#'$/(/#2? ,"(6 &/+ (" (6/ 8"*8&%2)"* (6'( (6/ $'22 4#"4"#()"* ". )$4%#)(- )* (6/ 

2'$4&/ :'2 '#"%*+ WaX; 56/2/ #/2%&(2 '&2" )$4&- (6'( (6/ )$4%#)()/2 :/#/ *"( '&(/#/+ ,- (6/ 

3/"4"&-$/#)2'()"* #/'8()"*; 

#

2.3 Water in the geopolymer 

#

56/ #/2%&(2 ". (6/ 4#/9)"%2 2/8()"*2 6'9/ 26":* (6'( (6/ :'(/#? )* (6/ 6'#+/*/+ 3/"4"&-$/#? 

:"%&+ *"( ,/ ,"%*+ )* (6/ */(:"#0 )* 6-+#'(/ ."#$ '2 2%33/2(/+ )* (6/ 286/$'()8 

#/4#/2/*('()"* ". t'#,"2' /( '&; hF___? !)3%#/ XXi; 56%2? +/(/#$)*)*3 (6/ .'(/ ". (6/ :'(/# )* 

(6/ 6'#+/*/+ 3/"4"&-$/# 4'2(/ )2 '* )$4"#('*( '24/8( ". )(2 86'#'8(/#)2'()"*; D( :'2 (6/#/."#/ 

+/8)+/+ (" 2(%+- (6/ '$"%*( ". :'(/# (6'( 8"%&+ ,/ #/$"9/+ ,- +#-)*3 (6/ 24/8)$/*2 '( 

#/&'()9/&- $"+/#'(/ (/$4/#'(%#/;  

 

5" +" (6)2? (6#// ."#$%&'()"*2 :/#/ 86"2/*? 6'9)*3 )*)()'& :'(/# 8"*(/*(2 ". X_;Xn? XX;_n '*+ 

X^;_n? 8"##/24"*+)*3 (" ."#$%&'()"*2 <>WY;E? <>W^ '*+ <>F_? #/24/8()9/&-? '*+ (6/ +#-)*3 

(/$4/#'(%#/2 '44&)/+ :/#/ E_rA? [_rA '*+ W_ErA; I%#)*3 (6/ 4#/4'#'()"* ". (6/ 3/"4"&-$/# 

4'2(/2? 24/8)'& '((/*()"* :'2 4')+ (" (6/ '88%#'8- ". (6/ :/)36)*3 ". (6/ #': $'(/#)'&2? )* 

"#+/# (" 0*": (6/ /@'8( '$"%*( ". /'86 8"$4"*/*( )*(#"+%8/+; 56/* (6/ 4#/4'#'()"* :'2 8'2( 

)* 4&'2()8 $"%&+2? :6)86 :/#/ 6/#$/()8'&&- 2/'&/+ +%#)*3 (6/ /*()#/ 8%#)*3 ()$/ ". 2/9/* +'-2 

'( F_rA; G( (6/ /*+ ". (6)2 4/#)"+? (6/ 2'$4&/2 :/#/ +/$"%&+/+? :/)36/+ '*+ (6/* 4&'8/+ )* 

8&)$'()8 86'$,/#2 '( E_rA? [_rA '*+ W_ErA;  56/ $'22 &"22 ". (6/ 3/"4"&-$/# 4'2(/2 :'2 

(6/* #/3%&'#&- $"*)("#/+ ,- :/)36)*3? %*()& 2(',)&)2'()"* :'2 '86)/9/+; x*":)*3 (6/ $'22 ". 
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:'(/# )*)()'&&- )*(#"+%8/+ )*(" (6/ 2'$4&/? (6/ 9'&%/ ". (6/ $'22 &"22? 8"##/24"*+)*3 (" (6/ 

'$"%*( ". :'(/# /9'4"#'(/+? '&&":/+ (6/ 4/#8/*('3/ ". :'(/# /9'4"#'(/+ (" ,/ 8'&8%&'(/+ ."# 

/'86 +#-)*3 (/$4/#'(%#/; !"# /'86 ."#$%&'()"* '*+ /'86 (/$4/#'(%#/? (6#// )+/*()8'& 

24/8)$/*2 :/#/ ."&&":/+ (" ",(')* (6/ '9/#'3/ 9'&%/2 ". (6/ $/'2%#/$/*(2 4#/2/*(/+ )* 5',&/ 

Z; 

%

V*;.&% H7 D*)()'& '$"%*( ". :'(/# ."# (6#// 3/"4"&-$/# ."#$%&'()"*2 '*+ '$"%*( ". :'(/# #/$')*)*3 '.(/# 
2(',)&)2'()"* ". (6/ $'22 &"22 '( (6#// +)../#/*( +#-)*3 (/$4/#'(%#/2j E_rA? [_rA '*+ W_ErA; 

  
 
D( :'2 (6%2 ",2/#9/+ (6'(? :6'(/9/# (6/ )*)()'& :'(/# 8"*(/*( )* (6/ 3/"4"&-$/# 4'2(/? '.(/# 

+#-)*3 '( W_ErA? (6)2 8"*(/*( :'2 #/+%8/+ (" ',"%( Xn ."# '&& (6/ ."#$%&'()"*2? 8"##/24"*+)*3 

(" ' #/&'()9/ :'(/# $'22 &"22 ". '#"%*+ \_n; D( :'2 '&2" ",2/#9/+ (6'( (6/ /9"&%()"* ". (6/ 

#/&'()9/ $'22 &"22 ". :'(/# )* <>WY;E? <>W^ '*+ <>F_ (/*+/+ (" '* '2-$4("()8 9'&%/ ',"9/ 

W_ErA h!)3%#/ XZi? 2%33/2()*3 ' 2&":/# /9"&%()"* ."# (6/ &"22 ". (6/ W_n ". #/$')*)*3 :'(/#; 

D( :"%&+ 6'9/ ,//* )*(/#/2()*3 (" 2// :6)86 +#-)*3 (/$4/#'(%#/ :"%&+ &/'+ (" (6/ /9'4"#'()"* 

". '&& ". (6/ :'(/# )*(#"+%8/+ ,%(? '88"#+)*3 (6/ 5<G 4#/9)"%2&- 4#/2/*(/+? /9'4"#'()"* ". (6/ 

#/$')*)*3 :'(/# :"%&+ ,/ ' &"*3 4#"8/22? '2 (#'8/2 ". :'(/# :/#/ 2()&& $/'2%#/+ '( ^__rA; 

 
6+789:*');#?'12($01,#16#$5!#%!2&$0'!#/&""#21""#16#l&$!%#0,#@GegEq:#@Gej#&,-#@G_h#-!*!,-0,7#1,#$5!#-%O0,7#

$!/*!%&$(%!E##
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]/9/#'& 8"*8&%2)"*2 8'* ,/ +#':* .#"$ (6/2/ #/2%&(2j 

 

· G( "*&- W_ErA? $"#/ (6'* \_n ". (6/ :'(/# )*)()'&&- )*(#"+%8/+ 6'+ /9'4"#'(/+? #/2%&()*3 

)* ' :'(/# 8"*(/*( ". &/22 (6'* Xn )* (6/ 3/"4"&-$/#2 #/3'#+&/22 ". (6/ )*)()'& :'(/# 8"*(/*(; 

56)2 :"%&+ $/'* (6'( (6/ :'(/# )*(#"+%8/+ )*(" (6/ 3/"4"&-$/# $)@(%#/ +"/2 *"( #/'8( :)(6 

(6/ $'(/#)'&2 (" ."#$ 6-+#'(/2 '2 )2 (6/ 8'2/ ."# 8/$/*(; 

· G2 (6/ :'(/# )*(#"+%8/+ 8"%&+ ,/ #/$"9/+ /'2)&-? )( )2 6)36&- 4#",',&/ (6'( )( 6'2 ' 8#%8)'& 

/../8( "* (6/ .)*'& 4"#"2)(- ". (6/ $'(/#)'&; G&2"? )( '44/'#2 (6'( (6/ E_rA +#-)*3 (/$4/#'(%#/ )2 

*"( 2%..)8)/*( (" /9'4"#'(/ (6/ :'(/# .#"$ (6/ 2$'&&/# 4"#/2 ". (6/ <>WY;E ."#$%&'()"* 

8"$4'#/+ (" <>F_? :6)86 8"%&+ )*+)8'(/ ' .)*/# 4"#"2)(- ". (6/ ."#$%&'()"* :)(6 (6/ &":/# 

)*)()'& :'(/# 8"*(/*(; 

· D* 9)/: ". (6/2/ #/2%&(2? )( 2//$2 (6'( (6/ 286/$'()8 )&&%2(#'()"*2 ". (6/ 3/"4"&-$/# 

2(#%8(%#/ #/4#/2/*(/+ ,- t'#,"2' hF___j  !)3%#/ XXi? :6/#/ :'(/# )2 *"( &)*0/+ (" (6/ 2(#%8(%#/? 

'#/ #/'2"*',&/;#

#

2.4 Total porosity and pore microstructure 

#

D( )2 9/#- )$4"#('*( (" 0*": (6/ +)2(#),%()"* '*+ "#3'*)H'()"* ". (6/ 4"#"%2 */(:"#0 )* (6/ 

8/$/*( $'(#)@ ,/8'%2/ )( )2 *"( "*&- &)*0/+ (" (6/ 8"$4#/22)9/ 2(#/*3(6 ". $'(/#)'&2 ,%( '&2" 

4#"9)+/2 ' +%#',)&)(- )*+)8'("#; 56%2? ",(')*)*3 2%86 )*."#$'()"* ."# (6/ 3/"4"&-$/# :'2 

/22/*()'&; 5" +" (6)2? b1#'- ("$"3#'46-? ("('& 4"#"2)(- '88/22),&/ (" :'(/#? $/#8%#- )*(#%2)"* 

4"#"2)$/(#- hCD>i '*+ 4"#"2)(- ,- 3'2 ',2"#4()"*? 9)' (6/ tB5 '*+ tfK (6/"#-? :/#/ %2/+ )* 

(6)2 2(%+- "* 3/"4"&-$/# 4'2(/2 6'9)*3 +)../#/*( :'(/# 8"*(/*(2 '*+? )* 2"$/ 8'2/2? "* 

8/$/*( 4'2(/ 6'9)*3 ' :a8 #'()" ". _;E; 

#

91$&2#*1%1"0$O#

#

56/ .)#2( ",2/#9'()"*2 ". (6/ 4"#"2)(- ". (6/ 3/"4"&-$/# :/#/ $'+/ 9)2%'&&- '*+ :)(6 ]BC 

)$'3/2? '*+ :/#/ '((#),%(/+ (" ' $'8#"4"#"2)(- +%/ (" (6/ (#'44)*3 ". ')# ,%,,&/2 +%#)*3 (6/ 

2'$4&/ 4#/4'#'()"*; 56)2 0)*+ ". 4"#"2)(- )2 2(#"*3&- &)*0/+ (" (6/ $/(6"+ ". 4#/4'#'()"* '*+ 

(6/ 9)28"2)(- ". (6/ $)@(%#/ '*+ )2 (6%2 9/#- 9'#)',&/; K":/9/#? 0*":)*3 (6/ 4#"4"#()"* ". ')# 

/*(#'44/+ +%#)*3 (6/ 4#/4'#'()"* ". ' 3/"4"&-$/# 4'2(/ 4#"9)+/2 '* )*+)8'()9/ 9'&%/;  
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56%2 ' <>WY;E 3/"4"&-$/# 4'2(/ 4#/4'#/+ :)(6"%( '*- 26"80 "# 9),#'()"* :'2 '*'&-2/+ ,- b1

#'- ("$"3#'46- (" 9)2%'&)H/ (6/ ')# "88&%2)"*2? '22/22 (6/)# 2)H/ +)2(#),%()"*2 '*+ R%'*().- 

(6/)# 8%$%&'()9/ 9"&%$/; G XI 2/8()"* ". (6/ 2'$4&/ ". +)$/*2)"*2 F @ F @ E $$ :'2 )2"&'(/+ 

'*+ '*'&-2/+; !)3%#/ X^ ' 4#/2/*(2 (6)2 XI 2/8()"*? 26":)*3 (6/ "9/#'&& 2'$4&/ '*+ :6/#/ (6/ 

')# "88&%2)"*2 '#/ /'2)&- )+/*().)/+ ,- (6/)# +'#0 8"&"#'()"*; Q2)*3 (6)2 2(#"*3 8"*(#'2( ,/(://* 

(6/ ')# '*+ (6/ $'(#)@ '&&":/+ (6/ 2".(:'#/ (" )2"&'(/ (6)2 9"&%$/ '*+ (" #/4#/2/*( )( 

2/4'#'(/&-; !)3%#/ X^ ,? :6)86 )2"&'(/2 (6/ /*(#'44/+ ')# .#'8()"*? 26":2 2)3*).)8'*( *%$,/#2 

". 246/#/2 :)(6 +)'$/(/#2 #'*3)*3 .#"$ Y_ �$ %4 (" */'#&- X__ �$; D( :'2 8'&8%&'(/+ (6'( (6)2 

8%$%&'()9/ 9"&%$/ #/4#/2/*(2 Fn ". (6/ 2'$4&/; 56/ +)2(#),%()"* ". (6/ 246/#/ 2)H/2 )2 

)&&%2(#'(/+ ,- +)../#/*( 8"&"%#2j (6/ ,&%/ 8"##/24"*+2 (" +)'$/(/#2 &":/# (6'* F__ �$ :)(6 

+/8#/'2)*3 +)'$/(/#2 26":* )* +'#0/# 26'+/2 ". ,&%/? :6)&/ '&& "(6/# 8"&"%# 8"##/24"*+2 (" 

+)'$/(/#2 #'*3)*3 .#"$ F__ �$ (" X__ �$; 56/ 246/#/2 2//$ (" 6'9/ ' 6"$"3/*/"%2 

+)2(#),%()"* )* (6/ 2'$4&/ '*+ 6'9/ *" 4#)9)&/3/+ "#3'*)H'()"*; 56)2 #/4#/2/*('()"* +)+ *"( 

'&&": %2 (" 2// :6/(6/# (6/ $'8#"4"#"2)(- :'2 )*(/#8"**/8(/+;  

 

 

6+789:*'?;#wb%&O#$1/17%&*5O#'0"(&20"&$01,#16#@GegEq#*&"$!#"51l0,7W#&J#`C#"!.$01,#16#$5!#"&/*2!#&,-#4J#$5!#

"&/!#`C#*%!"!,$0,7#1,2O#$5!#&0%#1..2("01,E##

 

5"('& 4"#"2)(- '88/22),&/ (" :'(/# hc! >W[1YE\i '*+ $/#8%#- )*(#%2)"* 4"#"2)$/(#- hCD>i 

:/#/ 4/#."#$/+ "* (6#// 3/"4"&-$/# ."#$%&'()"*2 '*+ "* ABC D EF;E 4'2(/ )* "#+/# (" 

8'&8%&'(/ (6/)# ("('& 4"#/ 9"&%$/2; 5',&/ ^ 26":2 (6/ 4"#"2)(- '88/22),&/ (" :'(/# $/'2%#/+ 

%2)*3 (6/ 2'$/ (6#// +#-)*3 (/$4/#'(%#/2 '2 (6"2/ %2/+ ."# (6/ 2(%+- ". :'(/#; 56/ 4"#"2)()/2 

'88/22),&/ (" :'(/# h�:i '*+ (6/ $/#8%#- 4"#"2)(- 9'&%/ ",(')*/+ ,- CD> h�K3i '#/ 3)9/* )* 

9"&%$/ n; c/9/#(6/&/22? )( 26"%&+ ,/ /$46'2)2/+ (6'( (6/ 4"#/ 9"&%$/ $/'2%#/+ ,- CD> 
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%*+/#/2()$'(/2 (6/ 9'&%/ ". (6/ ("('& 4"#"2)(- h<'&&/? F__Wi; 56/ %2/ ". $/#8%#- &)$)(2 (6/ 

#'*3/ ". '88/22),&/ 4"#/2 (" ,/(://* W__ �$ '*+ '#"%*+ ^ *$ h:)(6 (6/ '44'#'(%2 %2/+i? '&& 

4"#"2)()/2 ,/&": '*+ ',"9/ (6/2/ &)$)(2 *"( ,/)*3 +/(/8(/+; D* 8"*(#'2(? (6/ :'(/# 4/*/(#'()"* 

4"#/ '88/22 #'*3/ )2 $%86 :)+/# '*+ 3"/2 +":* (" '#"%*+ _;E *$; 56%2? 2%,(#'8()*3 (6/ 

9"&%$/ $/'2%#/+ ,- $/#8%#- .#"$ (6'( $/'2%#/+ ,- :'(/# h�: 1 �K3i '( (6/ 2'$/ +#-)*3 

(/$4/#'(%#/ hE_rA )* (6)2 8'2/i 3)9/2 (6/ 4"#/ 9"&%$/ &"8'(/+ "%(2)+/ (6/ CD> 4"#/ '88/22 

&)$)(2;  

 

V*;.&%J7 5"('& 4"#"2)()/2 $/'2%#/+ ,- :'(/# )*(#%2)"* h�:i '*+ ,- CD> h�K3i $/'2%#/$/*(;  

 
� I'(' .#"$ <'&&/? F__Wj ABCD? :a8 ~ _;E? J9/*1+#-)*3 Z_rA; 
 
 

56/ :'(/# 4"#"2)(- +'(' ",(')*/+ 26": (6'( (6/ ("('& 4"#"2)(- ". (6/ 3/"4"&-$/#2 )2 '&:'-2 

6)36/# (6'* ."# ABC D 4'2(/ ."# ' 3)9/* +#-)*3 (/$4/#'(%#/; D( :'2 &"3)8'&&- ",2/#9/+ (6'(? (6/ 

6)36/# (6/ +#-)*3 (/$4/#'(%#/? (6/ 6)36/# (6/ 4"#"2)(- ",(')*/+; C"#/"9/#? )( '44/'#2 (6'( (6/ 

'$"%*( ". :'(/# )* (6/ 3/"4"&-$/# ."#$%&'()"* 6'2 ' 2)3*).)8'*( )$4'8( "* (6/ ("('& 4"#"2)(-? 

2)*8/ )*8#/'2)*3 (6/ )*)()'& R%'*()(- ". :'(/# &/'+2 (" '* )*8#/'2/ ". (6/ 4"#"%2 */(:"#0 

9"&%$/;  

 

<)9/* (6'( (6/ 2'$/ ."#$%&'()"*2 '*+ (6/ 2'$/ +#-)*3 (/$4/#'(%#/2 :/#/ %2/+ ."# (6/ 

$/'2%#/$/*( ". (6/ ("('& 4"#"2)(- '*+ (6/ '$"%*( ". :'(/# /9'4"#'(/+ h4#/9)"%2 2/8()"*i? )( 

:'2 4"22),&/ (" 8"$4'#/ (6/2/ #/2%&(2; G 3#'46 ". (6/2/ $/'2%#/+ +'(' h!)3%#/ XWi? 26":)*3 

(6/ ("('& 9"&%$/ $/'2%#/+ ,- :'(/# )*(#%2)"* 9/#2%2 (6/ 9"&%$/ ". :'(/# /9'4"#'()"* ."# (6/ 

2'$/ ."#$%&'()"* '( (6/ 2'$/ +#-)*3 (/$4/#'(%#/? 26":2 ' 8&/'# 8"##/&'()"*; 56)2 &)*/'#)(- 

:"%&+ )$4&- (6'( (6/ ("('& 4"#/ 9"&%$/ (6'( :'2 $/'2%#/+ :"%&+ 8"##/24"*+ (" (6/ '$"%*( ". 

:'(/# )*(#"+%8/+ )*(" (6/ $'(/#)'&; 56/2/ #/2%&(2 (6%2 2%33/2( (6'( (6/ ("('& 4"#/ 9"&%$/ $'- 

,/ +/(/#$)*/+ '2 2""* '2 (6/ '$"%*( ". :'(/# )*(#"+%8/+ )2 0*":*; 
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6+789:*'@;#91$&2#*1%1"0$O#&..!""042!#$1#l&$!%#'!%"("#'12(/!#16#!'&*1%&$!-#l&$!%#61%#@GegEq:#@Gej#&,-#@G_h#

61%#&#70'!,#-%O0,7#$!/*!%&$(%!E#

 

 V/3'#+)*3 (6/ 9'&%/ ". (6/ ("('& 4"#/ 9"&%$/ ". (6/ 3/"4"&-$/#? '*+ ,'2/+ "* (6/ #/2%&(2 ". 

(6/ 4#/9)"%2 2/8()"*? :6)86 26":/+ (6'( (6/ $"2( 2%)(',&/ +#-)*3 (/$4/#'(%#/ :'2 W_ErA? )( 

8'* ,/ 8"*8&%+/+ (6'( (6/ ("('& 4"#"2)(- :'2 Y\;_n? EX;_n '*+ EZ;Yn ."# <>WY;E? <>W^ '*+ 

<>F_ #/24/8()9/&-; 56/2/ 9'&%/2 '#/ )* '3#//$/*( :)(6 (6/ 9'&%/2 ."%*+ )* (6/ &)(/#'(%#/ ."# 

2)$)&'# ."#$%&'()"*2 ht"6/#? F_WYi;  56/ #/2%&(2 ."# 4"#"2)()/2 8'&8%&'(/+ ,- CD> 4#/2/*(/+ )* 

5',&/ ^ )*+)8'(/ (6'( W_n (" WFn ". (6/ ("('& 4"#/ 9"&%$/ ". (6/ 3/"4"&-$/#2? '3')*2( "*&- 

[n ."# ' 8/$/*( 4'2(/ h<'&&/? F__Wi? 6'+ 4"#/ '88/22 +)'$/(/#2 &":/# (6'* ^*$ "# 6)36/# (6'* 

W__ �$;  

 

G1%!#/0.%1"$%(.$(%!#

D( )2 /22/*()'& (" 0*": (6/ 8/$/*(1,'2/+ $'(/#)'& $)8#"2(#%8(%#/ "# 4"#/ 2)H/ +)2(#),%()"* ). (6/ 

(#'*24"#( $/86'*)2$2? 2%86 '2 +)..%2)"* "# 8"*9/8()"*? '#/ (" ,/ 2(%+)/+ '*+ $"+/&&/+; 

J,(')*)*3 2%86 )*."#$'()"* ."# (6/ 3/"4"&-$/#? '*+ 8"$4'#)*3 )( (" (6'( ."# J>A? )2 (6/#/."#/ 

/22/*()'& ."# (6/)# 86'#'8(/#)H'()"*;  

  

CD> '*'&-2)2 4/#."#$/+ "* <>WY;E '*+ ABC D EF;E 6'2 26":*? ,- (6/ #/&'()9/ $/#8%#- 

9"&%$/ )*(#"+%8/+ 9/#2%2 (6/ 4"#/ '88/22 +)'$/(/# 4#/2/*(/+ )* !)3%#/ X\ '? ' 3#/'( +)../#/*8/ 

)* (6/ 4"#/ 2(#%8(%#/ ,/(://* (6/2/ (:" $'(/#)'&2; !"# (6/ 3/"4"&-$/#? )( :'2 8'&8%&'(/+ (6'( 

\En ". (6/ $/#8%#- :'2 )*(#"+%8/+ ."# 4"#/ +)'$/(/#2 ". ^ (" F_ *$ h:)(6 [Xn ,/(://* W_ 

'*+ F_ *$i? :6)86 26":2 ' 6"$"3/*/"%2 +)2(#),%()"* ". (6/ 4"#/ '88/22 +)'$/(/#? %*&)0/ 

8/$/*( :6/#/ ^Xn ". (6/ $/#8%#- :'2 )*(#"+%8/+ )* 4"#/2 ,/(://* F_ '*+ [_ *$? '*+ FWn 

,/(://* ^ '*+ F_ *$; 56%2? :6/* (6/ 8%#9/ ". (6/ #/&'()9/ 4"#/ 9"&%$/ 9/#2%2 +)'$/(/# )2 

",2/#9/+ h!)3%#/ X\ ,i? (6/ 3/"4"&-$/# 6'2 ' 2)*3&/ 4"4%&'()"* ". 4"#/ '88/22 8/*(#/+ "* WE 
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*$ +)'$/(/#; 56/2/ #/2%&(2 #/9/'& (6/ $"*"$"+'& *'(%#/ ". (6/ 4"#"%2 */(:"#0 ". (6/ 

3/"4"&-$/#? '2 4#/9)"%2&- ",2/#9/+ )* (6/ &)(/#'(%#/ hV"9*'*�0 F_W_? t"6/# F_WYi? :6)&/ (6/ 

8/$/*( 26":2 (:" 4"4%&'()"*2? "*/ .)*/ '*+ "*/ 8"'#2/#? 8/*(#/+ #/24/8()9/&- "* [ '*+ E_ *$ 

'*+ 26":)*3 ' ,)$"+'& */(:"#0; 

 

 
6+789:*'2;#;1/*&%0"1,#16#I<G#.(/(2&$0'!#0,$%("01,#H&J#&,-#*1%!#"0M!#-0"$%04($01,#H4J#16#7!1*12O/!%#@G#egEq#

&,-#&#;?I<#.!/!,$#*&"$!E##

 
56/ &)(/#'(%#/ #/4"#(2 h<'&&/? F__Wi (6'( ABC D 4'2(/ 4"#/ 2)H/ +)2(#),%()"*2 '#/ 3/*/#'&&- 

86'#'8(/#)2/+ ,- (6#// $')* 8&'22/2 ". 4"#/ '88/22; >"#/ '88/22/2 &"8'(/+ */'# W__ *$ '*+ 

',"9/ '#/ %2%'&&- '22"8)'(/+ :)(6 8'4)&&'#- 4"#"2)(- h$'8#"4"#"2)(-i; G 2/8"*+ '*+ ' (6)#+ 

8&'22 ". 4"#/ '88/22 '#/ 3/*/#'&&- +/(/8(/+ )* (6/ #/3)"*2 &"8'(/+ '#"%*+ F_ *$ 

h$)8#"4"#"2)(-i '*+ '#"%*+ ' ./: *'*"$/(#/2 h*'*"4"#"2)(-i; 56)2 4"#/ 24'8/ +"$')* 

+/28#),/2 (6/ 4"#/ '88/22/2 ". A1]1K '*+ (6/ "88%##/*8/2 ". 2%86 4"#/ '88/22/2 +/4/*+ "* (6/ 

:a8 #'()" '*+ "* (6/ $'(/#)'& '3/ '*+ 8%#)*3 8"*+)()"*2; A"$4'#)2"* :)(6 (6/ 3/"4"&-$/# )2 

*"( ",9)"%2? 4'#(&- ,/8'%2/ ". (6/)# +)../#/*( 8"$4"2)()"*2? ,%( )( 2//$2 4#",',&/ (6'( (6/ 

3/"4"&-$/# 6'2 "*/ 8&'22 ". 4"#/ '88/22 '#"%*+ WE *$? 8"##/24"*+)*3 (" $/2"4"#"2)(- 

."#$/+ ,- (6/ 9"&%$/ "88%4)/+ ,- (6/ :'(/# +%#)*3 6'#+/*)*3? '*+ "*/ 8&'22 ". $'8#"4"2)(- 

8#/'(/+ ,- ')# "88&%2)"* h*"( 9)2),&/ ,- CD>i;  

 

G 2(%+- ". *)(#"3/* '+2"#4()"*|+/2"#4()"* )2"(6/#$2 $'+/ "* (6/ 3/"4"&-$/# <>WY;E 

4#"9)+/+ '++)()"*'& )*."#$'()"*; 56/ '+2"#4()"* '*+ +/2"#4()"* )2"(6/#$2 ". !)3%#/ Y_' 26": 

' +)2()*8( 6-2(/#/2)2 &""4 .#"$ _;[ (" W;_ ". #/&'()9/ 4'#()'& 4#/22%#/ h>a>_i; 56/ 4'22'3/ ". (6/ 

+/2"#4()"* 8%#9/ ,/&": (6/ ',2"#4()"* 8%#9/ h%*()& >a>_ ". _;^Ei :'2 '22"8)'(/+ :)(6 

+/3'22)*3 4#",&/$2 +%#)*3 (6/ '*'&-2)2 h+/3'22)*3 (/$4/#'(%#/ ". W__rAi; c/9/#(6/&/22? (6/ 

8&"2/*/22 ". (6/ 6-2(/#/2)2 &""4 '( >a>_ u _;Y_ '*+ ' (-4/ Dy 2"#4()"* ,/6'9)"%# :)(6 ' 



Chapter I. Formulation and characterisation of metakaolin-based geopolymer 

 

- 81 - 
 

6-2(/#/2)2 &""4 ". (-4/ W "* ' &""4 ". (-4/ F? :6)86 6'9/ '&#/'+- ,//* )+/*().)/+ "* 

$/('0'"&)* 3/"4"&-$/# 2'$4&/2 ,- ](/)*2 /( '&; hF_WXi? )*+)8'(/ (6/ ',2/*8/ ". $)8#"4"#/2 

'*+ (6/ ."#$'()"* ". ' :/&&1+/.)*/+ $/2"4"#"%2 (/@(%#/ 6'9)*3 )*(/#8"**/8(/+ 4"#/2 :)(6 

*'##": */802 '*+ :)+/ 9")+2? 8'&&/+ z)*01,"((&/ 4"#/2P; 56/ tfK 4"#/12)H/ +)2(#),%()"* 

h!)3%#/ Y_,i 8"*.)#$2 (6/ $"*"$"+'& *'(%#/ ". (6/ 4"#"%2 */(:"#0 8/*(#/+ "* WE *$; 

 

%

6+789:*<1;#&J#S0$%17!,#&-"1%*$01,d-!"1%*$01,#0"1$5!%/"#&,-#4J#QLN#*1%!b"0M!#-0"$%04($01,#61%#$5!#@GegEq#

7!1*12O/!%#*&"$!E#

 

5" 9)2%'&)2/ (6/ )$4'8( ". (6/ '$"%*( ". :'(/# )*)()'&&- )*(#"+%8/+ )* (6/ 3/"4"&-$/# "* (6/ 

."#$'()"* ". (6/ 4"#"%2 */(:"#0? CD> '*'&-2/2 ". <>WY;E? <>W^ '*+ <>F_ h6'9)*3 )*)()'& 

:'(/# 8"*(/*(2 ". X_n? XXn '*+ X^n #/24/8()9/&-i? :/#/ 4/#."#$/+ %*+/# (6/ 2'$/ 

8"*+)()"*2; !)#2(? )( :'2 ",2/#9/+ (6'( '&& (6#// ."#$%&'()"*2 &/+ (" $"*"$"+'& 4"#"%2 

*/(:"#02 h!)3%#/ YWi; 56/ 8%$%&'()9/ 4"#/ 9"&%$/ #/4#/2/*('()"* 8"*.)#$/+ (6/ )*8#/'2/ )* 

("('& 9"&%$/ $/'2%#/+ :6/* (6/ )*)()'& :'(/# '$"%*( )*8#/'2/+ h!)3%#/ YW'i? '*+ )(2 

+/#)9'()9/ #/9/'&/+ (6'( (6/ 4"#/ '88/22 +)'$/(/# '&2" )*8#/'2/+; 56/ $/+)'* 4"#/ '88/22 

+)'$/(/# (6/#/."#/ )*8#/'2/+ .#"$ WX *$ ."# <>WY;E (" F\ *$ ."# <>W^ '*+? .)*'&&-? XZ *$ 

."# <>F_; `6/* (6/ $/+)'* +)'$/(/# )*8#/'2/+? (6/ 24#/'+ ". (6/ 9'&%/ '&2" )*8#/'2/+? '2 

26":* ,- (6/ :)+(6 ". (6/ ,'2/ ". (6/ 4/'02 ."# <>W^ '*+ <>F_ h!)3%#/ YW ,i; G2 '* 

)*+)8'()"*? \_n ". (6/ $/#8%#- :'2 )*(#"+%8/+ ,/(://* ^ '*+ W[ *$ ."# <>WY;E? ,/(://* 

WW'*+ XE *$ ."# <>W^ '*+ ,/(://* WZ '*+ YF *$ ."# <>F_; 

 



Chapter I. Formulation and characterisation of metakaolin-based geopolymer 

 

- 82 - 
 

 
6+789:*</;#>!2&$0'!#/!%.(%O#'12(/!#0,$%1-(.!-#&,-#%!2&$0'!#*1%!#'12(/!#'!%"("#*1%!#&..!""#-0&/!$!%#61%#

7!1*12O/!%#*&"$!"#@G#egEq:#@G#ej#&,-#@G#_hE#

 

B@4&")('()"* ". (6/ $/#8%#- )*(#%2)"*a/@(#%2)"* 8%#9/ )2 8"*(#"9/#2)'& ,/8'%2/ (6/ ."#8/+ 

)*(#%2)"* ". $/#8%#- )*(" (6/ 4"#"%2 */(:"#0 :'2 9/#- 4#",',&- #/24"*2),&/ ."# )##/9/#2),&/ 

+'$'3/ ". (6/ */(:"#02? #/2%&()*3 )* '* /@(#%2)"* (6'( :'2 *"( #/4#/2/*('()9/ ". (6/ )*)()'& 

"#3'*)H'()"* ". (6/ 4"#"%2 2-2(/$ hC"#" /( '& F__Fi; K":/9/#? (6/ %2/ ". (6)2 8%#9/ (" 

8"$4'#/ (:" $'(/#)'&2? )* (6)2 8'2/ (6/ 3/"4"&-$/# '*+ 8/$/*( 4'2(/? $'- ,/ %2/.%&; !)3%#/ 

YF? :6)86 26":2 (6/ 9"&%$/ ". $/#8%#- )*(#"+%8/+ '*+ #/$"9/+ +/4/*+)*3 "* (6/ 4#/22%#/ 

'44&)/+ (" (6/ $/#8%#- ."# (6/ 8/$/*( '*+ <>WY;E 3/"4"&-$/# 2'$4&/2? 6)36&)36(2 )*8"$4&/(/ 

6-2(/#/2)2; 56)2 46/*"$/*"* 8'* ,/ '((#),%(/+ (" )*01,"((&/126'4/+ 4"#/2 hC"#" /( '&;? F__Fi? 

'2 4#/9)"%2&- ",2/#9/+ ,- 3'2 ',2"#4()"*; D* 4"#/2 ". (6)2 (-4/? )*(#%2)"* 8'**"( "88%# %*()& 

2%..)8)/*( 4#/22%#/ 6'2 ,//* '((')*/+ (" ."#8/ $/#8%#- )*(" (6/ 2$'&&/# '88/22 4"#/2; K":/9/#? 

%4"* +/4#/22%#)H'()"*? (6/ :)+/ 4"#/ 9"&%$/ 8'**"( /$4(- %*()& ' &":/# 4#/22%#/ )2 #/'86/+? 

&/'9)*3 $/#8%#- /*(#'44/+; G*+? '2 $"#/ $/#8%#- 8"%&+ ,/ #/$"9/+ .#"$ (6/ 3/"4"&-$/# 

h',"%( E_ni (6'* .#"$ 8/$/*( h',"%( Y_ni? (6)2 8"%&+ $/'* (6'( (6/ 4"#"%2 */(:"#0 ". 

3/"4"&-$/# )2 4#",',&- $"#/ )*(/#8"**/8(/+ (6'* (6'( ". (6/ ABC D; 
 

 
6+789:*<-;#>!2&$0'!#/!%.(%O#'12(/!#-!*!,-0,7#1,#$5!#*%!""(%!#&**20!-#$1#/!%.(%O#61%#$5!#7!1*12O/!%#@G#egEq#

H&J#&,-#&#;?I<#.!/!,$#*&"$!#H4JE#



Chapter I. Formulation and characterisation of metakaolin-based geopolymer 

 

- 83 - 
 

3. Stability of the geopolymer paste  

 

c" 9)2),&/ +'$'3/ :'2 ",2/#9/+ "9/# ()$/ "* (6/ 2%#.'8/ ". 3/"4"&-$/# 2("#/+ '( F_rA '*+ 

\En V;K; b1#'- 86'#'8(/#)2'()"* 4/#."#$/+ '( ^? \_? XE_ '*+ E__ +'-2 )*+)8'(/+ 2(',)&)(- 

+%#)*3 (6)2 4/#)"+? '2 )&&%2(#'(/+ "* !)3%#/ YX? :6/#/ (6/ ."%# 4'((/#*2 26": *" 86'*3/ )* (6/ 

'$"#46"%2 "# 8#-2('&&)*/ 2(#%8(%#/ ". 3/"4"&-$/# 2("#/+ ."# WZ $"*(62 '( \En V;K; 56)2 

+/$"*2(#'(/2 (6'( (6/ 2(#%8(%#/ ."#$/+ +%#)*3 (6/ .)#2( ://0 :'2 *"( '&(/#/+ "# $"+).)/+? '( 

&/'2( )* (6)2 8%#)*3 8"*+)()"*;  

C"#/"9/#? )( :'2 *"(/+ (6'( 8#-2('&&)*/ 46'2/2 '22"8)'(/+ :)(6 H/"&)(/ '2 #/4"#(/+ )* 

$/('0'"&)*1,'2/+ 3/"4"&-$/# 8%#/+ '( 6)36 (/$4/#'(%#/ ,- I%@2"* /( '&;? hF__^'i? :/#/ *"( 

4#"+%8/+ )* (6/ 4#/2/*( 2(%+-;   

 
6+789:*<';#w>C#*&$$!%,#16#7!1*12O/!%#*&"$!#@GegEq#.(%!-#j:#fh:#`qh#&,-#qhh#-&O"#&$#_hu;#&,-#fq~#>ENE#

 

])$)&'#&-? (6/ 86/$)8'& 86'#'8(/#)H'()"* ,- $)8#"4#",/ '&2" #/9/'&/+ (6/ 2(',)&)(- ". (6/ 

$'(/#)'&2 "9/# ()$/; 56/ 2'$/ '*'&-2)2 '2 (6/ "*/ 4#/2/*(/+ 4#/9)"%2&- hy;F;Wi '( 2/9/* +'-2 

:'2 4/#."#$/+ "* ' <>WY;E 4'2(/ $')*(')*/+ :)(6"%( /@(/#*'& /@86'*3/2 ."# F -/'#2; 56/ 

2'$/ (:" 4'#(2? "*/ ('0/* )* (6/ 8/*(#/ '*+ (6/ "(6/# */'# (6/ 2%#.'8/ ". (6/ 2'$4&/? :/#/ '&2" 

R%'*().)/+ '*+ &/+ (" (6/ 2'$/ 8"$4"2)()"* '2 4#/9)"%2&- ",2/#9/+; 56/ "@)+/ $'22 8"*(/*(2 

$/'2%#/+ :/#/ (6/ 2'$/ '2 (6"2/ ",(')*/+ ."# ^ +'-2? (" :)(6)* Wn? '*+ &/+ (" $"&'# #'()"2 ". 

Y;X ."# ])JFaG&FJX '*+ _;\ ."# c'FJaG&FJX; 56/ (/#*'#- +)'3#'$2 ,- $'22 4#/2/*(/+ "* 

!)3%#/ YY 6)36&)36( (6/2/ 2)$)&'# ."#$%&'()"*2;  
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6+789:*<<;#9!%,&%O#-0&7%&/#4O#/&""#16#D0k_:#B2_k`#&,-#S&_k#/!&"(%!-#4O#!2!.$%1,#/0.%1*%14!#1,#@GegEq#&$#

&J#j#-&O"#&,-#4J#_O!&%"#Hfe#/!&"(%!/!,$"#!&.5JE#

 

K":/9/#? #/3'#+)*3 (6/ 2(',)&)(- ". 3/"4"&-$/#? +#-)*3 26#)*0'3/ :'2 *"(/+? :6)86 &/+ (" 

9/#- &'#3/ 2%#.'8/ 8#'80)*3 :6/* (6/ 24/8)$/* :'2 /@4"2/+ (" ' +#- '($"246/#/? ,/&": Z_n 

V;K;? +%#)*3 (6/ .)#2( ./: +'-2 ". 8%#)*3 h�^ +'-2i; 56/ 4)8(%#/2 4#/2/*(/+ )* !)3%#/ YE 26": 

(6/ 9)2%'& '24/8( ". Y @ Y @ WZ 8$ 3/"4"&-$/# 24/8)$/*2 ."# (:" ."#$%&'()"*2 '( Y[6 h<>WY;E 

'*+ <>W^ 4'2(/ '*+ $"#('#i 4%( )* E_n V;K; 8"*+)()"*2 FY6 '.(/# 8'2()*3;  

 

D( :"%&+ 2//$ (6'( ("" +#- '* '($"246/#/ +%#)*3 (6/ 3/"4"&-$/#)2'()"* h.)#2( (6#// +'-2i &/'+2 

(" /@8/22)9/ /9'4"#'()"* ". :'(/# #/2%&()*3 )* 2)3*).)8'*( +'$'3/ (" (6/ 2(#%8(%#/ ."# ,"(6 

."#$%&'()"*2? ,%( )( '&2" '44/'#/+ (6'( (6/ )*8"#4"#'()"* ". '33#/3'(/2 $)*)$)2/+ (6)2 

46/*"$/*"*; 

 

                 
6+789:*<=;#D(%6&.!#.%&.c0,7#14"!%'!-#1,#g)g)er#7!1*12O/!%#"&/*2!"#61%#@GegEq#*&"$!#&,-#/1%$&%#&,-#@Gej#

*&"$!#&,-#/1%$&%E#
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56/2/ ."#$%&'()"*2 :/#/ %2/+ ."# $/'2%#/$/*(2 ". /*+"3/*"%2 '*+ +#-)*3 26#)*0'3/; 56/ 

#/&'()9/ 26#)*0'3/ '*+ $'22 &"22 +/4/*+)*3 "* (6/ ."#$%&'()"* "# "* (6/ 2'*+ '++)()"* '#/ 

4#/2/*(/+ "* !)3%#/ YZ; B@4"2%#/ ". 3/"4"&-$/# 4'2(/2 (" E_n V;K; FY6 '.(/# 8'2()*3 &/+ (" 

9/#- 2)3*).)8'*( +#-)*3 26#)*0'3/? ". W;^n ."# <>WY;E '*+ (" F;^n ."# <>W^? )* ^ +'-2 

h8"##/24"*+)*3 (" $'22 &"22/2 ". W_n '*+ WEni; G.(/# ' ://0? (6/ +'$'3/ :'2 7%+3/+ ("" 

2/#)"%2 '*+ (6/ 26#)*0'3/ $/'2%#/$/*( :'2 *"( 4%#2%/+; D*9/#2/&-? 24/8)$/*2 0/4( :)(6"%( 

/@(/#*'& /@86'*3/2 26":/+ ' 9'#)'()"* &":/# (6'* _;_Wn '.(/# F[ +'-2; 56/ $"2( $'#0/+ 

/*+"3/*"%2 26#)*0'3/ :'2 $/'2%#/+ ."# (6/ "4()$'& ."#$%&'()"* <>WY;E '*+ :'2 _;_[n '( F[ 

+'-2? ,%( (6/ '++)()"* ". 2'*+ 2//$2 (" 6'9/ 3#/'(&- $)*)$)H/+ (6)2 46/*"$/*"* '2 <>WY;E 

$"#('# /@4/#)/*8/+ 26#)*0'3/ ". "*&- _;_Fn +%#)*3 (6/ 2'$/ 4/#)"+ h!)3%#/ YZ,i; 

 

 
6+789:*<);#&J#C%O0,7#"5%0,c&7!#H4J#$5!#.1%%!"*1,-0,7#/&""#21""J:#&,-#.J#!,-17!,1("#"5%0,c&7!#H-J#

.1%%!"*1,-0,7#/&""#21""J#61%#$5!#7!1*12O/!%#*&"$!"#H@GegEq:#@GejJ#&,-#/1%$&%"#H/@GegEq:#/@GejJE 
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This second study provided valuable information on the four main phases of geopolymer 

paste, namely the amorphous part corresponding to the "pure" geopolymer, the 

crystalline part corresponding to impurity from the metakaolin, the water introduced, 

and, the porosity. Such knowledge on the geopolymer paste and its comparison with that 

for a cement paste will be an essential database for future studies, both for concrete 

applications and for durability studies.  
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E67%30'2.#",0'%

%

56/ 4/#."#$'*8/1,'2/+ 2(%+- ". (6/ .&/@%#'& '*+ 8"$4#/22)9/ 2(#/*3(62 6'2 6)36&)36(/+ (6/ 

9)',)&)(- ". $/('0'"&)*1,'2/+ 3/"4"&-$/# '2 ' ,)*+/# ."# $"#('#; 56/ )$4"#('*8/ ". (6/ 

."#$%&'()"*? :)+/&- +/(')&/+ )* (6/ &)(/#'(%#/? 6'2 ,//* 9/#).)/+ '*+ 6'2 &/+ (" '* "4()$'& 

."#$%&'()"* #/3'#+)*3 (6/ 8"$4#/22)9/ 2(#/*3(6; D( 8"##/24"*+2 (" (6/ ."&&":)*3 $"&'# #'()"2j 

])JFaG&FJX ". X;Z? c'FJaG&FJX ". _;\ '*+ KFJac'FJ ". WY;E;  

 

56/ #/'8()"* ". 3/"4"&-$/#)2'()"*? 0*":* (" ,/ 8&/'#&- +)../#/*( .#"$ 8/$/*( 6-+#'()"*? 

26":/+ .'2(/# 6'#+/*)*3 0)*/()82 '( /'#&- '3/ (6'* J>A? :6)86 '&&":/+ (6/ 8%#)*3 ()$/ (" ,/ 

#/+%8/+ (" ^ +'-2 )*2(/'+ ". (6/ F[ +'-2 3/*/#'&&- %2/+ ."# 8"*2(#%8()"* $'(/#)'&2; D( )2 '&2" 

8"*8&%+/+ (6'( )( )2 4#/./#',&/ (" %2/ ' :'(/#3&'22 2"&%()"*? :6)86 +"/2 *"( *//+ '++)()"* ". 

2"+'? '*+ ' 6)36 6%$)+)(- '($"246/#/ +%#)*3 (6/ /'#&- +'-2; !)*'&&-? (6/ )*8"#4"#'()"* ". 2'*+ 

)* (6/ 3/"4"&-$/# +)+ *"( 6'9/ ' 2)3*).)8'*( )$4'8( "* (6/ 2(#/*3(6 ,%( 4#"9/+ %2/.%& (" &)$)( 

(6/ 2%#.'8/ 8#'80)*3 +%/ (" +#-)*3 26#)*0'3/;  

 

D( )2 8"*8&%+/+ (6'( (6/ 3/"4"&-$/# ,)*+/# 8'* ,/ 8"$4'#/+ (" ' ABC D EF;E #/3'#+)*3 (6/ 

8"$4#/22)9/ 2(#/*3(6? ,%( 6'2 ' 6)36/# .&/@%#'& 2(#/*3(6; 56/ !#/*86 2('*+'#+ Bc W\Z1W 6'2 

,//* 9'&)+'(/+ ."# (6/ 4#/4'#'()"* ". 3/"4"&-$/# $"#('#2 ). (6/ $)@)*3 :'(/# )2 #/4&'8/+ :)(6 

(6/ '8()9'()*3 2"&%()"* '*+ (6/ 24/8)$/*2 '#/ 0/4( )* ' 6%$)+ /*9)#"*$/*( ,%( *"( %*+/# 

:'(/#;  

 

56/ 2(%+-? ."8%2)*3 "* 46-2)8'&? 86/$)8'& '*+ $"#46"&"3)8'& 86'#'8(/#)2'()"*2 ". (6/ 

3/"4"&-$/#? '&&":/+ 3/"4"&-$/#2 '*+ 8/$/*( 4'2(/ (" ,/ 8"$4'#/+ '( /R%)9'&/*( 2(#/*3(62; 

 

C"#46"&"3)8'& ",2/#9'()"*2 26":/+ (6/ 4#/2/*8/ ". '* '$"#46"%2 46'2/ 8"##/24"*+)*3 (" (6/ 

d4%#/d 3/"4"&-$/#? '*+ ' 8#-2('&&)*/ 46'2/ 8"##/24"*+)*3 (" (6/ )$4%#)()/2 .#"$ (6/ 

$/('0'"&)*; 56/ '$"#46"%2 46'2/ :'2 86'#'8(/#)2/+ '2 ' %*)R%/ 2(#%8(%#/ 6'9)*3 :/'0&- 

,"%*+ :'(/#? %*&)0/ 8/$/*( :6)86 )2 0*":* (" 6'9/ 9'#)"%2 6-+#'(/2 )*8"#4"#'()*3 +)../#/*( 

:'(/# 8"*(/*(2;  56/ 86/$)8'& 8"$4"2)()"* ". (6/ 3/"4"&-$/# '44/'#/+ (" 8"*(')* '* /@8/22 

". 2)&)8' #/&'()9/ (" (6/ '$"%*( (6/"#/()8'&&- )*(#"+%8/+? 4#",',&- +%/ (" (6/ &'#3/ '$"%*( ". 

*'*"28'&/ R%'#(H 4'#()8&/2? :6)86 :/#/ 9/#- 4#",',&- '*'&-2/+ '( (6/ 2'$/ ()$/; 
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](%+-)*3 (6/ #/'8()9)(- ". (6/ 3/"4"&-$/# #/'8()"* 26":/+ (6'( (6/ $'7"#)(- ". (6/ $/('0'"&)* 

#/'8(/+ :)(6 (6/ '8()9'()*3 2"&%()"* )* ' &/22 /@"(6/#$)8 #/'8()"* (6'* 8/$/*( 6-+#'()"* )* 

2/9/* +'-2; 56/ '*'&-2)2 ". (6/ 8#-2('& 46'2/ 26":/+ (6'( (6/ 3/"4"&-$/# 6'+ WaX ,- :/)36( 

". )$4%#)(-? 4#"9)+/+ /@8&%2)9/&- ,- (6/ $/('0'"&)*; 56/ R%'*().)8'()"* ". (6)2 46'2/ '&2" 

8"*8&%+/+ (6'( )$4%#)()/2 :/#/ *"( '&(/#/+ "# +)22"&9/+ +%#)*3 (6/ 3/"4"&-$/#)2'()"*; 

 

]4/8)'& '((/*()"* :'2 4')+ (" (6/ 2(%+- ". (6/ 4"#"%2 */(:"#0? :6)86 )2 0*":* (" ,/ '* 

/22/*()'& 86'#'8(/#)2()8 ". 6-+#'%&)8 ,)*+/#2? '2 '* )*+)8'("# ". ,"(6 2(#/*3(6 '*+ +%#',)&)(-; D( 

:'2 8"*8&%+/+ (6'( (6/ ("('& 4"#/ 9"&%$/ ". (6/ 3/"4"&-$/# :'2 6)36/# (6'* (6'( ". J>A? 

:)(6 ' &'#3/ +)../#/*8/ )* (6/ "#3'*)2'()"* ". (6/ */(:"#0; 56/ 3/"4"&-$/#2 (6/#/."#/ 

4#/+"$)*'*(&- 4#/2/*(/+ ' $/2"4"#"2)(- 6'9)*3 ' $"*"$"+'& +)2(#),%()"* ". (6/ 4"#/ '88/22 

8/*(#/+ ,/(://* WE *$ '*+ XZ *$? +/4/*+)*3 "* (6/ :'(/# 8"*(/*(; D( :'2 '&2" +/(/#$)*/+ 

(6'( (6/ <>WY;E ."#$%&'()"* 6'+ Fn ,- 9"&%$/ ". ')# ,%,,&/2; 

 

!)*'&&-? (6/ 6)36 2(',)&)(- ". 3/"4"&-$/# "9/# ()$/ :'2 6)36&)36(/+ )* (/#$2 ". 8"$4"2)()"* 

'*+ 2(#%8(%#/? ,%( :)(6 ' 8%#/ 8"*+)()"* )*9"&9)*3 ' 6%$)+ '($"246/#/ +%#)*3 (6/ .)#2( ^ +'-2 

". 8%#)*3; J9/#1+#- 8%#)*3 8"*+)()"*2? /;3; E_n V;K;? &/+ (" 9/#- 6)36 +#-)*3 26#)*0'3/ 

#/2%&()*3 )* 6'#$.%& 2%#.'8/ 8#'80)*3; 56)2 46/*"$/*"* :'2? 6":/9/#? $)*)$)2/+ ,- (6/ 

'++)()"* ". 2'*+ (" (6/ 3/"4"&-$/#; 

 

D* 8"*8&%2)"*? (6/ +'(' ",(')*/+ .#"$ (6/2/ (:" 2(%+)/2 :/#/ ."%*+ (" ,/ 8"*2)2(/*( :)(6 (6/ 

&)(/#'(%#/ "* (6/ 2%,7/8(; G&(6"%36 (6/- 6'9/ 26":* ' #/'& 4"(/*()'& ."# (6/ %2/ ". 3/"4"&-$/# 

'2 ' ,)*+/#? .%*+'$/*('& +)../#/*8/2 :)(6 (6/ 8/$/*( $'(#)@ $'0/2 ,"(6 8"$4'#)2"*2 '*+ (6/ 

'44&)8'()"* ". (6/ /@)2()*3 2('*+'#+2 +)..)8%&(; 56%2 (6/ .',#)8'()"* ". 3/"4"&-$/# 8"*8#/(/2 

:)&& ,/ ' */8/22'#- 2(/4 (" 4#"9)+/ ,/((/# 9)2),)&)(- ". (6/ 4"22),&/ )*+%2(#)'& '44&)8'()"*2? '*+ 

(" '&&": +%#',)&)(- (/2()*3? /24/8)'&&- #/3'#+)*3 (6/ &'#3/ '$"%*( ". '&0'&)2 4#/2/*( )* (6/ 

3/"4"&-$/#; 
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 &8&)&'2&"%

t'#,"2'? y;!;!;? C'8x/*H)/? x;f;I; '*+ 56'%$'(%#3"? A; hF___i ]-*(6/2)2 '*+ 

86'#'8(/#)2'()"*  ".  $'(/#)'&2  ,'2/+  "*  )*"#3'*)8  4"&-$/#2  ".  '&%$)*'  '*+  2)&)8'j 

2"+)%$ 4"&-2)'&'(/ 4"&-$/#2; <,$!%,&$01,&2#L1(%,&2#16# <,1%7&,0.#I&$!%0&2"? FhYij X_\1

XW^; 

t"6/# A; hF_WFi; ?$(-!#!)*+%0/!,$&2!#!$#/1-+20"&$01,#-!# 2&#-066("01,#7&M!("!#F# $%&'!%"#-!"#

/020!()# *1%!()# *&%$0!22!/!,$# "&$(%+"# !,# !&(E# B**20.&$01,# &()# U!%%!"# UO.1%:#

7+1*12O/P%!"#!$#*a$!"#-!#.0/!,$#;?I#U; Q*)9/#2)(L +/ 5"%&"%2/? 5"%&"%2/ XY_ h>6I 

h)* !#/*86ii; 

t"6/#? A;? C'#()*? D;? O"#/*(/? ];? !#)H"*? !; hF_WYi B@4/#)$/*('& )*9/2()3'()"* ". 3'2 

+)..%2)"* (6#"%36 $"*"$"+'& $'(/#)'&2; G44&)8'()"* (" 3/"4"&-$/#2 '*+ y-8"#� 

3&'22/2? I0.%1*1%1("#&,-#I!"1*1%1("#I&$!%0&2"? W[YjF[1XZ;  

I'9)+"9)(2? f; ]"&)+1>6'2/ ]-*(6/2)2 ". ' C)*/#'& t&"804"&-$/# ,- O": 5/$4/#'(%#/ 

>"&-8"*+/*2'()"* ". G&%$)*"1])&)8'(/ >"&-$/#2? <AGB;# DO/*1"0(/# 1,#  1,7b9!%/#

G%1*!%$0!"#16#G12O/!%"#&,-#G12O/!%0.#I&$!%0&2":#D$1.c512/? 9"&; 5"4)8 DDD? W\^Z; 

I'9)+"9)(2? f; >VJ>BV5DB] J! <BJ>JOsCBV ABCBc5]? G%1.!!-0,7"# =0%"$#

<,$!%,&$01,&2#;1,6!%!,.!#1,#B2c&20,!#;!/!,$"? 44; WXW1WY\? W\\Y; 

I%@2"* >;? >#"9)2? f; O;? O%0/-? <; A;?  C'&&)8"'(? ]; `;? `'&(#'%+? C;? x#)9/*? `;? y'* 

I/9/*(/#? f;];f; hF__Ei Q*+/#2('*+)*3 (6/ #/&'()"*26)4 ,/(://* 3/"4"&-$/# 

8"$4"2)()"*? $)8#"2(#%8(%#/ '*+ $/86'*)8'& 4#"4/#()/2? ;12210-"# &,-# D(%6&.!"# BW#

G5O"0.1.5!/0.&2# &,-# ?,70,!!%0,7# B"*!.$"? FZ\hW|Xij Y^1E[ IJDj 

W_;W_WZa7;8"&2%#.';F__E;_Z;_Z_; 

I%@2"*? >;? !/#*}*+/H1f)$L*/H? G;? >#"9)2? f; O;? O%0/-? <; A;? >'&"$"? G;? I/9/*(/#? f; ]; f;? 

hF__^'i  </"4"&-$/#  (/86*"&"3-j  (6/  8%##/*(  2('(/  ".  (6/  '#(;  L1(%,&2#16##I&$!%0&2"#

D.0!,.!? YFh\ij F\W^1F\XX; 

I%@2"* >;? C'&&)8"'(? ]; `;? O%0/-? f; O;? x#)9/*? `;? y'* I/9/*(/#? f;];f; hF__^,i? 56/ 

/../8( ". '&0'&) '*+ ])aG& #'()" "* (6/ +/9/&"4$/*( ". $/86'*)8'& 4#"4/#()/2 ". 

$/('0'"&)*1,'2/+ 3/"4"&-$/#2; ;12210-"# &,-# D(%6&.!"# BW# G5O"0.1.5!/0.&2# &,-#

?,70,!!%0,7#B"*!.$"; F\FhWij [1F_; 

!/#*}*+/H1f)$L*/H? G;? >'&"$" G;? A#)'+" C; hF__Ei C)8#"2(#%8(%#/ +/9/&"4$/*( ". '&0'&)1

'8()9'(/+ .&- '26 8/$/*(j ' +/28#)4()9/ $"+/&; ;!/!,$# &,-# ;1,.%!$!# >!"!&%.5? XE? 

WF_Y|WF_\ ; 
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<'&&L? A; hF__Wi B../8( ". +#-)*3 "* 8/$/*(1,'2/+ $'(/#)'&2 4"#/ 2(#%8(%#/ '2 )+/*().)/+ ,- 

$/#8%#- )*(#%2)"* 4"#"2)$/(#-j G 8"$4'#'()9/ 2(%+- ,/(://* "9/*1? 9'8%%$1? '*+ 

.#//H/1+#-)*3? ;!/!,$# &,-# ;1,.%!$!# >!"!&%.5? XWhW_ijWYZ^1WY^^; IJDj 

W_;W_WZa]___[1[[YZh_Wi__E\Y1Y; 

<&%06"920- yI hW\E\i ]")& 2)&)8'(/2; <"22(#"-)H+'(? x)/9?WEY44 

x'$'&&""? G;? <'*706'*&"%? s;? G,"%('&/,)? ]; K;? '*+  c"%#'*)'* K; hF_W_i C"+/&)*3 ". 

8"$4#/22)9/ 2(#/*3(6 ". $/('0'"&)* ,'2/+ 3/"4"&-$/#2 ,- (6/ %2/ ". '#().)8)'& */%#'& 

*/(:"#0; <,$!%,&$01,&2#L1(%,&2#16#?,70,!!%0,7:#FXhFijWYE1WEF; 

O/ t')&? G;? hW\\Ei C"+/&&)*3 (6/ 2)&)8' 3&'22 2(#%8(%#/ ,- (6/ V)/(9/&+ $/(6"+; L1(%,&2#16#

S1,b;%O"$&220,!#D120-" W[XhW|Fi? X\1YF; 

O"(6/*,'86? t;?  ]8#)9/*/#? x;? K""("*? V;I; hF_WWi ]%44&/$/*('#- 8/$/*()()"%2 $'(/#)'&2; 

;!/!,$#&,-#;1,.%!$!#>!"!&%.5? YWhWFij WFYY1WFEZ;  

O%((/#"(()? O;? A/88'("? V;? I'& C'286)"? V;? >'3'*)? B; hW\\[i m%'*()('()9/ '*'&-2)2 ". 2)&)8'(/ 

3&'22 )* 8/#'$)8 $'(/#)'&2 ,- (6/ V)/(9/&+ $/(6"+; I&$!%0&2"#D.0!,.!#=1%(/ F^[|F[W? 

[^|\F 

O%((/#"(()? O;? C'((6)/2? ];? `/*0? K;1V; hW\\\i CGQIj ' .#)/*+&- f'9' 4#"3#'$ ."# $'(/#)'& 

'*'&-2)2 %2)*3 +)..#'8()"*; <A;%W#S!l"2!$$!%#16#$5!#;GC FW? WY|WE; 

C'6)/%@?  >;1s;? G%,/#(? f;1B;? A-#? C;? A"%('*+? C;? K%22"*? t; hF_W_i m%'*()('()9/ 

$)*/#'&"3)8'& 8"$4"2)()"* ". 8"$4&/@ $)*/#'& :'2(/2 | A"*(#),%()"* ". (6/ V)/(9/&+ 

$/(6"+? z&"$!#I&,&7!/!,$? X_hXijX^[1X[[; IJDjW_;W_WZa7;:'2$'*;F__\;W_;_FX; 

CGQI >#"3#'$; G9')&',&/ .#"$j �6((4jaa:::;)*3;%*)(*;)(a�$'%+au hA"*2%&(/+ (6/ 

W^;_Y;F_WF i; 

C"#"? !;? t�6*)? K; hF__Fi D*01t"((&/ B../8( )* C/#8%#- D*(#%2)"* >"#"2)$/(#- ". A/$/*(1

t'2/+ C'(/#)'&2? L1(%,&2# 16# ;12210-# &,-# <,$!%6&.!# D.0!,.!? FYZhWijWXE1WY\; 

IJDjW_;W__Za78)2;F__W;^\ZF; 

>#"9)2? f; O;? '*+ y'* I/9/*(/#? f; ]; f; hF__\i? </"4"&-$/#2j ](#%8(%#/2? >#"8/22)*3? 

>#"4/#()/2 '*+ D*+%2(#)'& G44&)8'()"*2? z11-5!&-#G(420"50,7# 0/0$!-; 

V"9*'*�0? >; h F_W_i B../8( ". 8%#)*3 (/$4/#'(%#/ "* (6/ +/9/&"4$/*( ". 6'#+ 2(#%8(%#/ ". 

$/('0'"&)*1,'2/+ 3/"4"&-$/#? ;1,"$%(.$01,#&,-#Q(02-0,7#I&$!%0&2"? FYh^ij WW^Z1WW[X; 

IJDjW_;W_WZa7;8"*,%)&+$'(;F__\;WF;_FX; 

V":&/2? C;? /( JPA"**"#? t; hF__Xi A6/$)8'& "4()$)2'()"* ". (6/ 8"$4#/22)9/ 2(#/*3(6 ". 

'&%$)*"2)&)8'(/  3/"4"&-$/#2  2-*(6/2)2/+  ,-  2"+)%$  2)&)8'(/  '8()9'()"*  ". 

$/('0'"&)*)(/; L1(%,&2# 16# I&$!%0&2"# ;5!/0"$%O WXhEij WWZW1WWZE;  

IJDjW_;W_X\a,FWFZF\7; 
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]'* c)8"&'2? V;? hF_WWi >/#."#$'*8/1,'2/+ G44#"'86 ."# A"*8#/(/ A"*(')*)*3 C/('0'"&)* 

J,(')*/+ ,- !&'26 A'&8)*'()"*; Q*)9/#2)(L +/ 5"%&"%2/? 5"%&"%2/ XY_ h>6I h)* 

!#/*86ii; 

]'* c)8"&'2? V;? A-#? C;? B28'+/)&&'2 <; hF_WXi A6'#'8(/#)2()82 '*+ '44&)8'()"*2 ". .&'26 

$/('0'"&)*2? B**20!-#;2&O#D.0!,.!? [X|[Yj FEX1FZF; IJDj W_;W_WZa7;8&'-;F_WX;_[;_XZ; 

]6)? A;? x#)9/*0"? >; 9; '*+ V"-? I; C; hF__Zi B2c&20bB.$0'&$!-# ;!/!,$"# &,-# ;1,.%!$!"? 

G,)*3+"*? Qx? 5'-&"# '*+ !#'*8)2; 

](/)*2? >;? >"%&/2R%/*? G;? !#)H"*? !;?  I)'(? J;? f/2()*? f;? A'%22/? f;?  O'$,/#()*'? I;? 

V"22)3*"&? ]; hF_WXi B../8( ". '3)*3 '*+ '&0'&) '8()9'("# "* (6/ 4"#"%2 2(#%8(%#/ ". ' 

3/"4"&-$/#? L1(%,&2#16#B**20!-#;%O"$&2217%&*5O? Y^jXWZ1XFY;  

Qc]5G5]? F_W_; <#//*6"%2/ <'2 B$)22)"*2 ,- ]/8("# hG,2"&%(/ y'&%/2i; Q*)(/+ c'()"*2 

]('()2()8'& I)9)2)"*? c/: s"#0; 

y'* I/9/*(/#? f;];f;? >#"9)2? f;O;? I%@2"*? >;? O%0/-? <;A; hF__^i V/'8()"* $/86'*)2$2 )* 

(6/ 3/"4"&-$/#)8 8"*9/#2)"* ". )*"#3'*)8 :'2(/ (" %2/.%& 4#"+%8(2? L1(%,&2# 16#

N&M&%-1("#I&$!%0&2"? WX\ hXij E_Z1EWX; IJDj W_;W_WZa7;76'H$'(;F__Z;_F;_YY; 

b% K%'? y'* I/9/*(/#? f;];f; hF___i 56/ 3/"4"&-$/#)2'()"* ". '&%$)*"12)&)8'(/ $)*/#'&2? 

<,$!%,&$01,&2# L1(%,&2# 16# I0,!%&2# G%1.!""0,7? E\hXij FY^1FZZ; IJDj W_;W_WZa]_X_W1

^EWZh\\i___^Y1E; 

#
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Chapter II. 

Metakaolin-based geopolymer 

concretes:  

From fluid to dry concretes 
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V*;.&%08%20'/&'/"%

 

D; D*(#"+%8()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; \E 

DD; </"4"&-$/# '2 ' ,)*+/# )* 8)9)& /*3)*//#)*3j 4'2(? 4#/2/*( '*+ .%(%#/ ;;;;;;;;;; \Z 

DDD; C'(/#)'&2? $/(6"+2 '*+ /R%)4$/*(;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W__ 

G7%9*/&),*.%7777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777%GOO 

W;W </"4"&-$/# 4#/4'#'()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W__ 

W;F G33#/3'(/2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W__ 

D7%30'2)&/&%5)&5*)*/,0'%*'1%.*;0)*/0)>%&N#,5$&'/%77777777777777777777777777777777777777777777777777777%GOG 

F;W A"*8#/(/ 4#/4'#'()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W_W 

F;F V/)*."#8/+ 2(#%8(%#/ ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W_F 

F;X y),#"8"$4'8()"* &',"#'("#- /R%)4$/*( ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W_X 

F;Y 5/2( $/(6"+ ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W_X 

?7%T)&2*"/%5.*'/%,'"/*..*/,0'%777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777%GOC 

Dy; !"#$%&'()"* ". 3/"4"&-$/# 8"*8#/(/2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W_Z 

G7%^0):*;,.,/>%08%=&050.>$&)%20'2)&/&"%7777777777777777777777777777777777777777777777777777777777777777777777777%GOJ 

D7%V0/*.%50)0",/>%7777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777%GOI 

?7%9&24*',2*.%5)05&)/,&"%77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777%GGG 

C7%P20'0$,2%20'",1&)*/,0'"%777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777%GGC 

y; !&%)+ '*+ +#- 3/"4"&-$/# 8"*8#/(/2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WW[ 

G7% &,'80)2&1%20'2)&/&%"/)#2/#)&%7777777777777777777777777777777777777777777777777777777777777777777777777777777777777%GGI 

W;W A"*8#/(/ ."#$%&'()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WW[ 

W;F t/'$ 8'2()*3 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WW\ 

W;X I/$"%&+)*3 '*+ 8%#/ 8"*+)()"*2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WFW 

W;Y C/86'*)8'& 2(#/*3(6 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WFF 

W;E I%#',)&)(- 4#",&/$2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WFF 

D7%-&050.>$&)%20'2)&/&"%4*L,'=%.0A%;,'1&)]*==)&=*/&%)*/,0"%7777777777777777777777777777777777777%GD? 

F;W I#- 8"*8#/(/ '( &',"#'("#- 28'&/ ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WFX 

F;F I#- 8"*8#/(/ '( )*+%2(#)'& 28'&/ ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WFE 

F;X A"*8#/(/ )*8"#4"#'()*3 ,)"12"%#8/+ '33#/3'(/2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WF\ 

yDD; A"*8&%2)"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WXF 

V/./#/*8/2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WXX 
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%

67%6'/)01#2/,0'%

 

 

56)2 86'4(/# )2 (6/ +)#/8( 8"*()*%'()"* ". (6/ 2(%+- 8"*+%8(/+ )* (6/ .)#2( 4'#( ". (6)2 (6/2)2? '2 

)( 2()&& ."8%2/2 "* (6/ %2/ ". (6/ $/('0'"&)*1,'2/+ 3/"4"&-$/# '2 ' ,)*+/#? ,%( '( (6/ 28'&/ ". 

(6/ 8"*8#/(/; 56/ *%$,/# ". '#()8&/2 #/3'#+)*3 3/"4"&-$/# 8"*8#/(/ )2 )*8#/'2)*3 '*+ (6/#/ )2 

$%86 /9)+/*8/ (6'( &'#3/128'&/ 8"*2(#%8()"*2? '2 :/&& '2 '* )*+%2(#)'&)2'()"* ". '&0'&)1'8()9'(/+ 

$'(/#)'&2? '#/ 4"22),&/; 56/ 4%#4"2/ ". (6)2 86'4(/# )2 .)#2( (" 2// :6'( 4/#."#$'*8/ &/9/&2 '*+ 

:"#0',)&)(- 8"%&+ ,/ ",(')*/+ :)(6 ' $/('0'"&)*1,'2/+ 3/"4"&-$/# ,)*+/#? 8"$4'#/+ (" 

2('*+'#+ J>A '*+? )* ' 2/8"*+ 2(/4? (" +/$"*2(#'(/ (6'( (6/ '44&)8'()"*2 #/&'(/+ (" (6/2/ 

2('*+'#+2 '#/ '86)/9',&/; 

 

56#// ."#$%&'()"*2 %2/+ 4#/9)"%2&-? <>WY;E? <>W^ '*+ <>F_? :/#/ .)#2( 86"2/* )* "#+/# (" 

2(%+- (6/ +/*2)(-? 4"#"2)(-? :"#0',)&)(- '*+ 8"$4#/22)9/ 2(#/*3(6 ". 3/"4"&-$/# 8"*8#/(/2; 

56/ #/2%&(2 '&&": %2 (" 8&'22).- (6/ 3/"4"&-$/# ,)*+/# :)(6 #/./#/*8/ (" 2('*+'#+ J>A? '*+ 2" 

(" /*9)2'3/ 4"22),&/ '44&)8'()"*2 ". (6)2 ,)*+/#; D* ' 2/8"*+ 2(/4? (:" '44&)8'()"*2 #/R%)#)*3 

"44"2)(/ 8"*2)2(/*8- 8&'22/2 :/#/ (/2(/+j .&%)+ ."# $'0)*3 #/)*."#8/+ 2(#%8(%#/2 '*+ +#- (" 

$'*%.'8(%#/ $'2"*#- %*)(2 )* ' 4#/8'2( 4&'*(; 56/ ')$ ". 2%86 (/2(2 :'2 (" 2// ). (6/ J>A 

8"*2)2(/*8- 8&'22/2 8"%&+ ,/ '44&)/+ (" 3/"4"&-$/#2 '*+ '&2" (" 9)2%'&)2/ 4"(/*()'& 28'&/ 

/../8(2;  

 

G&& (6/ #/2%&(2 ",(')*/+? :6)86 '#/ ' .)#2( 2(/4 (":'#+2 )*+%2(#)'&)2'()"* ". $/('0'"&)*1,'2/+ 

3/"4"&-$/#? :/#/ *//+/+ (" '&&": +)28%22)"* ". (6/ 4"22),)&)()/2 4#"9)+/+ ,- (6)2 */: ,)*+/#? 

'*+ $'0/ #/8"$$/*+'()"*2 ."# .%(%#/ #/2/'#86 +)#/8()"*2 ,- 4")*()*3 "%( (6/ $"2( 

'44#"4#)'(/ '44&)8'()"*2 '*+ '&2" 2"$/ +%#',)&)(- )22%/2; 
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667% -&050.>$&)% *"% *% ;,'1&)% ,'% 2,L,.% &'=,'&&),'=@% 5*"/M%

5)&"&'/%*'1%8#/#)&%

 

56/ 2(%+- ". 3/"4"&-$/# )* 8%##/*( )*(/#*'()"*'& #/2/'#86 )2 ,""$)*3? 4'#()8%&'#&- 2)*8/ (6/ 

-/'# F_W_? '2 8'* ,/ 2//* "* (6/ 6)2("3#'$ ". !)3%#/ W? :6)86 )*+)8'(/2 (6/ *%$,/# ". 

4%,&)8'()"*2 4/# -/'# ."%*+ 9)' (6/ :/, 2)(/ ]8)/*+)#/8(;8"$ '.(/# 2/'#86)*3 (6/ (/#$ 

d3/"4"&-$/#d )* (6/ ()(&/2? ',2(#'8(2 '*+ 0/-:"#+2; `6/* (6/ 2/'#86 :'2 #/2(#)8(/+ (" 

d3/"4"&-$/#d '*+ d8"*8#/(/d? (6/ *%$,/# ". +"8%$/*(2 ."%*+ :'2 2)3*).)8'*(&- &":/# ,%( 

2()&& 3#":)*3; 

 

#

6+789:*/E#N0"$17%&/#"51l0,7#$5!#,(/4!%#16#*(420.&$01,"#*!%#O!&%#61(,-#'0&#$5!#l!4#"0$!#D.0!,-0%!.$E.1/#
"!&%.50,7#$5!#$!%/#�7!1*12O/!%�#&,-#�7!1*12O/!%#n#.1,.%!$!�#0,#$0$2!":#&4"$%&.$"#&,-#c!Ol1%-"#

#

 

K)2("#)8'&&-? (6/ %2/ ". '&0'&)1'8()9'(/+ $'(/#)'&2 )* (6/ .)/&+ ". 8)9)& /*3)*//#)*3 +'(/2 ,'80 (" 

(6/ W\E_2 )* (6/ ."#$/# Q]]V? :6/#/ >#"./22"# <&%06"920- h>'&"$" /( '&? F_WYi +/9/&"4/+ ' 

2&'3 '*+ '&0'&) :'2(/ ,'2/+ '&(/#*'()9/ 8/$/*( (" $)()3'(/ (6/ >"#(&'*+ 8/$/*( 26"#('3/ (6'( 

'../8(/+ (6/ 8"%*(#-; 56"2/ ,%)&+)*32 '#/ 2()&& )* 4&'8/ '.(/# */'#&- E_ -/'#2 '*+ 6'9/ *"( 

/*8"%*(/#/+ '*- 2)3*).)8'*( +%#',)&)(- 4#",&/$2? '2 8'* ,/ 2//* )* (6/ 4)8(%#/2 4#/2/*(/+ )* 

!)3%#/ F; 
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6+789:*-E#H&J#95!#60%"$#%!"0-!,$0&2#4(02-0,7#/&-!#16#&2c&20b&.$0'&$!-#.!/!,$#.1,.%!$!#l0$51($#&,O#kG;:# 0*!$"c:#

ADD>:#eftjdeftf#H4J#k,!#16#$l1#fb"$1%!O#%!"0-!,$0&2#4(02-0,7":#I&%0(*12:#Ac%&0,!:#efrh#HG&21/1#!$#&2:#_hegJE#

 

D* (6/ W\[_2? O"*/ ]('# D*+%2(#)/2 D*8; 8"$$/#8)'&)2/+ (6/ 8/$/*( >-#'$/*(�? ' $)@(%#/ ". 

3/"4"&-$/# '*+ >"#(&'*+ 8/$/*( (6'( :'2 %2/+? '$"*3 "(6/# (6)*32? (" 4'9/ Q] $)&)('#- 

.'8)&)()/2; 56/* (6/ �/","*+ 8"$4'*- +/9/&"4/+ (6/ 8/$/*( B8#/(/� )* (6/ F___2? ,'2/+ "* 

)*+%2(#)'& ,-14#"+%8(2 2%86 '2 .&- '26 '*+ 2&'3 '*+? $"#/ #/8/*(&-? t'*' Qx O(+ ,/3'* (" 

$'#0/( t'*'6A/$�? 4#/2/*(/+ '2 ' 3/"4"&-$/# ,)*+/# 2"&+ )* (:" 4'#(2j ' 4":+/# '*+ ' 

&)R%)+ 2"&%()"*; D* F_WX? (6/ :"#&+P2 .)#2( 4%,&)8 ,%)&+)*3 :)(6 2(#%8(%#'& v3/"4"&-$/# 

8"*8#/(/w :'2 ,%)&( )* G%2(#'&)'j (6/ Q*)9/#2)(- ". m%//*2&'*+P2 <&",'& A6'*3/ D*2()(%(/ 

h<ADi? 4)8(%#/2 ". :6)86 '#/ 4#/2/*(/+ "* !)3%#/ X; G*+? )* c"9/$,/# F_WY? (6/ .)#2( ')#4"#( 

$'+/ :)(6 $"#/ (6'* X_?___ 8%,)8 $/(#/2 ". ' &": 8'#,"*? 8/$/*(1.#// 3/"4"&-$/# 8"*8#/(/ 

h`'3*/#2P B'#(6 !#)/*+&- A"*8#/(/ hB!Aii "4/*/+; 56/ %2/ ". v3/"4"&-$/#w '9")+/+ $"#/ 

(6'* Z?Z__ ("**/2 ". 8'#,"* /$)22)"*2 +%#)*3 (6/ 8"*2(#%8()"* ". (6/ ')#4"#(? :6)86 $'0/2 )( 

(6/ 3#//*/2( ')#4"#( )* (6/ :"#&+ h:::;3/"4"&-$/#;"#3i; 

 

 
6+789:*'E#H&J#}(!!,"2&,-#A,0'!%"0$O3"#@;<#4(02-0,7#H4J#k,!#16#$5!#``#*%!.&"$#"2&7[62Ob&"5b4&"!-#7!1*12O/!%#

.1,.%!$!#6211%#*&%$"#HlllE7!1*12O/!%E1%7J#
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56/ /@'$4&/ ". #/'& 8"*2(#%8()"*2 $'+/ :)(6 '&0'&)1'8()9'(/+ $'(/#)'&2 h"*&- 8'&8)%$1

8"*(')*)*3 #': $'(/#)'&2 2%86 '2 2&'32 6'9/ ,//* %2/+i 8)(/+ ',"9/ 26":2 (6/ )*(/#/2( '*+ (6/ 

9)',)&)(- ". (6)2 J>A1.#// ,)*+/#; c/9/#(6/&/22? $'*- R%/2()"* #/$')* 1 $')*&- )* 8"**/8()"* 

:)(6 (6/ 2('*+'#+)2'()"* ". (6/2/ 8"*8#/(/2 '*+ (6/)# +%#',)&)(-? "# (6/ '8(%'& /*9)#"*$/*('& 

)$4'8( #/&'(/+ (" (6/)# 4#"+%8()"*; 

 

V/3'#+)*3 2('*+'#+)2'()"*? '%(6"#2 &)0/ y'* I/9/*(/# /( '&; hF_WYi ."8%2/+ (6/)# 2(%+)/2 "* (6/ 

8"*+)()"*2 '*+ (/2( 4'#'$/(/#2 *//+/+ (" )+/*().- 0/- 4'#'$/(/#2 ."# (6/ 2('*+'#+)2'()"* ". 

(6/2/ 8"*8#/(/2; G&2"? ' E1-/'# VDOBC 5/86*)8'& A"$$)((//? FY^1I5G hI%#',)&)(- (/2()*3 ". 

'&0'&)1'8()9'(/+ $'(/#)'&2i? 86')#/+ ,- >#"./22"# f"6* O; >#"9)2? :'2 2/( %4 )* F_WF; 56/ 

:"#0)*3 3#"%42 '#/ /@4/8(/+ (" +/&)9/# ' 2/( ". #/8"$$/*+'()"*2 ,'2/+ "* #"%*+1#",)* (/2(2 

". 2('*+'#+)2/+ '&0'&)1'8()9'(/+ $'(/#)'& $)@ +/2)3*2 '88"#+)*3 (" 24/8).)8 +%#',)&)(- (/2()*3 

4#"("8"&2; 

 

V/3'#+)*3 (6/ /*9)#"*$/*('& )$4'8(? 3/"4"&-$/#2 '#/ 4#/2/*(/+ ,- $'*- '%(6"#2 '2 ' 

2"&%()"* ."# v3#//*w 8"*8#/(/ #/3'#+)*3 (6/ #': $'(/#)'&2 %2/+ hI%@"* /( '&? F__^,= f"6*2"* 

'*+ <"%#&/-? F__E= ]'0%&)86? F_WWi '*+ '#/ 2"&+ '2 2%86 ,- (6/ )*+%2(#)'&2 8)(/+ ',"9/; 56/ 

$"2( 8"$$"*&- %2/+ $'(/#)'& )* 8"*2(#%8()"* )2 8"*8#/(/ $'+/ :)(6 J#+)*'#- >"#(&'*+ 

A/$/*( hJ>Ai? :6)86? ,- )(2 4#"+%8()"*? )2 (6/ 2"%#8/ ". '( &/'2( E1^n ". 3&",'& AJF 

/$)22)"*2 hQc]5G5]? F_W_i '*+ 8"%&+ #/'86 */'#&- W_n ". ("('& AJF /$)22)"*2 )* (6/ */'# 

.%(%#/ hA'4#"2 /( '&;? F__Wi; ]" 3/"4"&-$/#? "# '&0'&)1'8()9'(/+ ,)*+/#? :6)86 +"/2 *"( #/R%)#/ 

'*- J>A (" '86)/9/ (6/ 2'$/ 4/#."#$'*8/? :"%&+ ,/ '* )*(/#/2()*3 '&(/#*'()9/ (" J>A 

8"*2(#%8()"*; K":/9/#? (6/ /*9)#"*$/*('& /9'&%'()"* ". 3/"4"&-$/# ,'2/+ 8"*8#/(/ 

4#"+%8()"* %2)*3 ' O)./ A-8&/ G22/22$/*( $/(6"+? /;3; (6'( ". K',/#( /( '&; hF_WWi? :6)&/ 

8"*.)#$)*3 (6)2? '&2" 26":2 (6'( (6/ 4#"+%8()"* ". 3/"4"&-$/# 8"*8#/(/ 6'2 ' 6)36/# 

/*9)#"*$/*('& )$4'8( #/3'#+)*3 )$4'8( 8'(/3"#)/2 "(6/# (6'* 3&",'& :'#$)*3? /24/8)'&&- 

v.#/26 :'(/# /8"("@)8)(-w '*+ v$'#)*/ /8"("@)8)(-w '2 8'* ,/ 2//* "* !)3%#/ Y; G88"#+)*3 (" 

(6/2/ '%(6"#2? (6)2 )2 +%/ (" (6/ 6/'9- /../8(2 ". (6/ 4#"+%8()"* ". (6/ 2"+)%$ 2)&)8'(/ 2"&%()"*; 

G2 3/"4"&-$/# 8"*8#/(/ $'+/ .#"$ .&- '26/2 "# 3#'*%&'(/+ ,&'2( .%#*'8/ 2&'32 #/R%)#/2 &/22 ". 

(6/ 2"+)%$ 2)&)8'(/ 2"&%()"* (" ,/ '8()9'(/+? )( 6'2 ' &":/# /*9)#"*$/*('& )$4'8( (6'* 

3/"4"&-$/# 8"*8#/(/ $'+/ .#"$ 4%#/ $/('0'"&)*;  
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6+789:*<E#?.1b*%1602!#16#-066!%!,$#$O*!#16#7!1*12O/!%#.1,.%!$!#.1/*&%!-#$1#kG;#4&"!-#.1,.%!$!"#HN&4!%$#!$#&2E:#

_heeJE#

 

J(6/# '%(6"#2 hC8O/&&'* /( '&;? F_WWi 6'9/ /@'$)*/+ (6/ &)./8-8&/ 8"2( '*+ 8'#,"* )$4'8(2 ". 

J>A '*+ 3/"4"&-$/#2 )* (6/ 8"*(/@( ". "*&- "*/ 8"%*(#- hG%2(#'&)'i; 56/)# #/2%&(2 26": (6'( 

(6/#/ )2 ' :)+/ 9'#)'()"* )* (6/ 8'&8%&'(/+ .)*'*8)'& '*+ /*9)#"*$/*('& v8"2(w ". 3/"4"&-$/#2? 

:6)86 8'* ,/ ,/*/.)8)'& "# +/(#)$/*('& +/4/*+)*3 "* (6/ 2"%#8/ &"8'()"*? (6/ /*/#3- 2"%#8/ 

'*+ (6/ $"+/ ". (#'*24"#(; 56/2/ 2(%+)/2 6)36&)36( (6/ .%(%#/ #/2/'#86 '*+ +/9/&"4$/*( (6'( 

#/$')*2 (" ,/ +"*/ )* (6/ .)/&+ ". 3/"4"&-$/# 8"*8#/(/ (/86*"&"3-; 

 %
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6667%9*/&),*."M%$&/401"%*'1%&N#,5$&'/%

1. Material 

1.1 Geopolymer preparation 

 

D* (6)2 2(%+-? (6/ $'(/#)'&2 %2/+ '*+ (6/ 4#/4'#'()"* $/(6"+ ."# $'0)*3 (6/ ,)*+/# :/#/ (6/ 

2'$/ '2 (6"2/ 4#/9)"%2&- +/9/&"4/+ )* A6'4(/# Dj .&'26 $/('0'"&)* '*+ `3X;X "# `3W;^ 

2"+)%$ 2)&)8'(/ 2"&%()"*2; 56#// :'(/# 4#"4"#()"*2j X_n? XXn '*+ X^n ,- $'22 ". ,)*+/# 

:/#/ 86"2/* (" $'0/ 8"*8#/(/2 '*+ 8"##/24"*+/+ (" (6/ ."#$%&'()"*2 <>WY;E? <>W^ '*+ 

<>F_ #/24/8()9/&- h8"$4"2)()"* #/8'&&/+ )* 5',&/ Wi; 

 

V*;.&%G7 A"$4"2)()"* ". (6/ (6#// 3/"4"&-$/# 4'2(/2 %2)*3 (:" +)../#/*( :'(/#3&'22 2"&%()"*2; 

 
� ]// 5',&/ F )* A6'4(/# W ."# (6/ 8"$4"2)()"* ". (6/ :'(/#3&'22 2"&%()"*2;  

1.2 Aggregates 

 

56#// +)../#/*( 2)&)8/"%2 '33#/3'(/2 :/#/ %2/+ )* (6)2 2(%+-! 

1 c"*14"#"%2 2)&)8' '33#/3'(/2 $*',/+ '33#/3'(/ >0 8",4"2/+ ,')*&- ". :/&& 8#-2('&&)2/+ 

R%'#(H? 7%( '&2" (#'8/2 ". 4&'3)"8&'2/ ./&+24'#2 '*+ ,%28"9)(/? :)(6 ."%# 4'#()8&/ 2)H/ 

8&'22/2! _1_;XWE ,,? W1Y ,,? Y1[ ,, '*+ [1WF ,,; 

1 G* '&&%9)'& 2)&)8/"%2 #"&&/+ 8"'#2/ '33#/3'(/ .#", 2"%(61:/2( <#'*8/ $*',/+ '33#/3'(/ =0 

8",4"2/+ ". R%'#(H? 4&'3)"8&'2/ ./&+24'#2 '*+ ,%28"9)(/? '*+ 6'9)*3 "*&- (:" 4'#()8&/ 2)H/ 

8&'22/2! _1Y ,, '*+ Y1W_ ,,; 

1 V"&&/+ '&&%9)'& 2)&)8/"%2 8"'#2/ '33#/3'(/2 .#", 2"%(61:/2( <#'*8/ $*',/+ '33#/3'(/ @0 

8",4"2/+ ". R%'#(H? 4&'3)"8&'2/ ./&+24'#2? '*+ ,%28"9)(/? '*+ 6'9)*3 (6#// 4'#()8&/ 2)H/ 

8&'22/2! _1F ,,? _1Y ,, '*+ F1Z ,,; 56/ :'(/# 8"*(/*( ". (6/ '33#/3'(/2 "* 2)(/ +%#)*3 

(6/ .'8("#- .'7#)8'()"* :'2 Y;EA ."# 2'*+ $_1Y ,,0 '*+ F;\A ."# 3#'9/& $F1Z ,,0;  
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G&2"? (:" 7)"12"%#8/+ '33#/3'(/2 :/#/ %2/+! 

1 K/,4 $<#", K',) <"#,0! 6/,4  26)9/2  '#/  ' 8"14#"+%8(  ".  (6/  4#"8/22  ".  6/,4  .)7#/  

/B(#'8()"*  .#",  6/,4 2(/,2;  K/,4 4'#()8&/2 $<)3%#/ E'0 '#/ 4'#'&&/&/4)4/+2 :)(6 9'#)'7&/ 

26'4/2 '#"%*+ W (" ^ ,, )* :)+(6 '*+ Y (" F_ ,, )* &/*3(6; 56/- 6'9/ ' 6)36&- 4"#"%2 

2(#%8(%#/? 9/#- &": 7%&C +/*2)(- '*+ 9/#- &": (6/#,'& 8"*+%8()9)(-; 56/ 6/,4 ". (6)2 2(%+- 

:'2 ". <#/*86 "#)3)* '*+ :'2 +#- '*+ %*(#/'(/+; 

1 `""+ $.#", G3#/2(' 5/86*"&"3)/20! :""+ '33#/3'(/2 :/#/ "7(')*/+ .#", 24#%8/ '*+ .)# ". 

<#/*86 "#)3)*? '*+ '&2" 8',/ )* 4'#'&&/&/4)4/+126'4/+ 4'#()8&/2 :)(6 2)H/2 7/(://* Y '*+ 

W_ ,, $<)3%#/ E70;  

 

%
 !"#$%&'(#N!/*#&J#&,-# 11-#4J#&77%!7&$!"E#

 

 

2. Concrete preparation and laboratory equipment 

2.1 Concrete preparation 

 

56/ 3/"4"&-,/# 8"*8#/(/2 :/#/ 4#/4'#/+ )* (:" 2(/42; <)#2(? (6/ ,/('C'"&)* '*+ (6/ 

'33#/3'(/2 :/#/ ,)B/+? (6/* (6/ '8()9'()*3 2"&%()"* :'2 )*(#"+%8/+ 8"*()*%"%2&- +%#)*3 (6/ 

,)B)*3? %*()& ' 6","3/*/"%2 ,)B(%#/ '*+ ' +'#C "#'*3/ 8"&"%# $)*+)8'()*3 (6/ :/(()*3 ". 

,/('C'"&)*0 :/#/ "7(')*/+; 56/ ,)B)*3 :'2 +"*/ )* ' W_ O ,)B/# $<)3%#/ Z'? D"*(#"&2I0 '*+ ' 

F__ O ,)B/# $<)3%#/ Z+0? '*+ 9)7#'()"* :'2 %2/+ )* 7"(6 8'2/2 (" .)&& (6/ ,"%&+2; 56#// ,"%&+ 

2)H/2 :/#/ %2/+! W__ B W__ B W__ ,, 8%7/2 $<)3%#/ Z70? WW_ B FF_ ,, 8-&)*+/#2 '*+ X___ B 

F[_ B WE_ ,, 7/',2 $<)3%#/ Z80;  

G&& 24/8),/*2 :/#/ 8%#/+ '( F_JD '*+ \EA V;K; ."# FY 6"%#2 '*+ (6/* +/,"%&+/+ '*+ 2("#/+ 

%*+/# (6/ 2',/ 8"*+)()"*2 %*()& (/2()*3? /B8/4( ."# 7/',2? :6)86 :/#/ C/4( '( ',7)/*( 

(/,4/#'(%#/ '*+ #/&'()9/ 6%,)+)(-? "%(+""#2 "# )*+""#2; 
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%%% %%%%%%
 !"#$%&)(#&J#'(#)#/0+!%:#-J#_((#)#/0+!%:#4J#'((#+#'((#+#'((#//#.24!"#&,-#.J#`(((#+#_3(#+#'5(#//#*%0"/#/126-#

2"!-#$1#.&"$#7!1*16O/!%#.1,.%!$!"E##

#

2.2 Reinforced structure 

 

L* "#+/# (" ,'C/ ' #/)*."#8/+ 2(#%8(%#/? (6/ X___ B F[_ B WE_ ,, ,"%&+2 :/#/ /R%)44/+ :)(6 

"#+)*'#- #/)*."#8)*3 2(//& $-)/&+ 2(#/*3(6 M E__ N>'0; 56/ #/)*."#8/,/*( :'2 8",4"2/+ ". 

6)36 '+6/2)"* '#,'(%#/2 8"*2)2()*3 ". 7'#2 WY ,, '*+ Z ,, )* +)',/(/#? 8'##-)*3 "*/ 3'%3/ 

)* (6/ ,)++&/ '2 26":* )* (6/ +)'3#', ". <)3%#/ ^; 

%
 !"#$%&*(#)&Ob12$#18#$9!#%!0,81%.!/!,$#H&66#-0/!,"01,"#0,#//J#81%#&#9&68b4!&/E#



Chapter II. Metakaolin-based geopolymer concretes 

 

- 103 - 
 

2.3 Vibrocompaction laboratory equipment 

 

L* "#+/# (" ,'C/ +#- 8"*8#/(/2 )* (6/ &'7"#'("#- $:'(/# 8"*(/*( P ZA 4/# ,'22 ". 8"*8#/(/0? ' 

9)7#"18",4'8()*3 2-2(/, :'2 8%2(", ,'+/; L( 8",4#)2/+ '  >@D 6/)36(/*/# ". Y_ ,, 6/)36(? 

.)B/+ '7"9/ (6/ W__ B W__ B W__ ,, ,"%&+2? '*+ 4#)2,'()8 )#"* ,'22/2 $\\ B \\ B Y_ ,,? 

X;WF C30; >&'8/+ "* ' 9)7#'()*3 ('7&/? (6)2 2-2(/, $<)3%#/ [0 '&&":/+ (6/ 8"*8#/(/ 4#/4'#'()"* 

(" 7/ 7"(6 9)7#'(/+ '*+ 8",4'8(/+ '*+? '2 (6/ ,"%&+2 :/#/ #/,"9'7&/? )( :'2 4"22)7&/ (" 

#/4&)8'(/ (6/ ),,/+)'(/ #/&/'2/ ". (6/ 7&"8C2 '2 4/#."#,/+ )* '* )*+%2(#)'& .'8("#-;  

%
 !"#$%&+(#D.9!/&$0.#%!*%!"!,$&$01,#18#;04%1b.1/*&.$01,#!K20*/!,$#/&-!#0,#$9!#6&41%&$1%O; 

 

56/ 4#/4'#'()"* ". (6/ 8"*8#/(/ #/,')*/+ (6/ 2',/ '2 7/."#/ $F;W0? :)(6? .)#2(? (6/ ,)B)*3 ". 

'33#/3'(/2 '*+ ,/('C'"&)*? '*+ (6/* (6/ )*8"#4"#'()"* ". '&C'&) 2)&)8'(/ 2"&%()"* %*()& ' 

6","3/*/"%2 ,)B(%#/ :'2 "7(')*/+; 56/* (6/ ,"%&+? /B(/*+/+ 7- )(2 6/)36(/*/#? :'2 .)&&/+ 

:)(6 ' R%'*()(- ". ,)B(%#/ 4#/9)"%2&- 8'&8%&'(/+ (" "7(')* (6/ +/2)#/+ .)*'& +/*2)(-? )* "*/ 

(),/? '*+ (6/ 2(//& ,'22/2 :/#/ 4&'8/+ '7"9/; 56/ 2-2(/, :'2 (6/* 9)7#'(/+ ."# ' ./: 2/8"*+2 

%*()& (6/ )#"* ,'22/2 #/'86/+ (6/ ("4 ". (6/ ,"%&+; 56/ ,"%&+ :'2 (6/* +)2'22/,7&/+ '*+ (6/ 

8"*8#/(/ 8%7/2 :/#/ 4&'8/+ '( F_JD '*+ \EA V;K; ."# 2/9/* +'-2; 

 

2.4 Test method 

 

56/ 8",4#/22)9/ 2(#/*3(6 ,/'2%#/,/*(2 "* 8"*8#/(/2 :/#/ 8'##)/+ "%( "* W__ B W__ B W__ 

,, 8%7/2 %2)*3 ' Y_ Cc %*)'B)'& 4#/22 $XVI0? '*+ /'86 9'&%/ #/8"#+/+ :'2 (6/ '9/#'3/ ". X 

,/'2%#/,/*(2; 56/ ("('& 4"#/ 9"&%,/ $A0 :'2 +/(/#,)*/+ 7- ,/'2%#)*3 (6/ 4"#"2)(- 

'88/22)7&/ (" :'(/# 9)' (6/ <#/*86 2('*+'#+ c< >W[1YE\? '2 4#/2/*(/+ )* D6'4(/# L $LLL? F;E0? 

%2)*3 WW_ B FF_ ,, 8-&)*+/#2? .#", :6)86 (6#// /R%'& 4'#(2 ". E_ ,, 6'+ 7//* 2':* .#", 

(6/ 8/*(#'& 4'#(; Q'86 9'&%/ :'2 (6/ '9/#'3/ ". X ,/'2%#/,/*(2 4/#."#,/+ "* (6/ 8-&)*+/#2; 

56/ :"#C'7)&)(- ". (6/ 8"*8#/(/ :'2 '22/22/+ %2)*3 (6/ 2&%,4 (/2( +/28#)7/+ )* (6/ Qc F_Z1W 

2('*+'#+;#  
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3. Precast plant installation 

 

56/ ,)B/# %2/+ )* (6/ ,'*%.'8(%#)*3 4&'*( :'2 ' DST@VS5 WZE_ 6'9)*3 ' 8'4'8)(- ". W,X 

$<)3%#/ \ ' '*+ 70; 56/ 4#"8/+%#/ ."# ,)B)*3 '*+ (6/ .'7#)8'()"* ". (6/ 7&"8C2 :'2 (6/ 2',/ '2 

."# (6/ S>D ,'2"*#- %*)( $NT0 ,'+/ )* (6)2 4&'*(? 7%( (6/ :'(/# *"#,'&&- '++/+ :'2 

#/4&'8/+ 7- (6/ '&C'&) 2)&)8'(/ 2"&%()"*; 56/ 2"+)%, 2)&)8'(/ :'2 2("#/+ )* W ,X 8"*(')*/#2 

$<)3%#/ \80; 56)2 ,)B/# 8"%&+ 7/ "4/*/+ .#", '7"9/ +%#)*3 ,)B)*3? 2" )( :'2 4"22)7&/ (" 

)*(#"+%8/ (6/ '8()9'()*3 2"&%()"* '.(/# ,)B)*3 (6/ '33#/3'(/2 '*+ (6/ ,/('C'"&)*? +%#)*3 

2()##)*3; 56/ ,)B)*3 (),/ 86"2/* :'2 '#"%*+ "*/ ,)*%(/ ."# (6/ +#- ,'(/#)'&2? ."&&":/+ 7- ' 

./: ,)*%(/2 ". :/( ,)B)*3 7/."#/ (6/ (#'4 +""# '( (6/ 7"((", ". (6/ ,)B/# :'2 "4/*/+; 

 

%
 !"#$%&,(#I&,28&.$2%0,7#*6&,$#!K20*/!,$W#&J#'#/`#/0+!%#1*!,:#4J#0,"0-!#18#$9!#/0+!%#&,-#.J#$9!#'#/`#"1-02/#

"060.&$!#.1,$&0,!%E##D?B<#=@20%&2-#8%P%!">#*%!.&"$#*6&,$:#(A'_(#U&%069!":#C%&,.!; 
 

S*8/ 8",4&/(/+? (6/ 4#/4'#'()"* :'2 '%(",'()8'&&- #"%(/+ (" (6/ 9)7#"18",4'8()"* +/9)8/ 7- 

' 6"44/# 2-2(/,; 56/ ,)B(%#/ :'2 )*(#"+%8/+ )*(" 2)B F__ B F__ B E__ ,, $/B(/#*'& 

+),/*2)"*20 ,/('&&)8 ,"%&+2? '2 26":* )* <)3%#/ W_'; 56/ ,"%&+2 :/#/ (6/* 8",4&/(/&- .)&&/+ 

$);/; FY_ ,,? <)3%#/ W_80 '*+ (6/ 2)B U'8C2 ,"9/+ +":* :6)&/ 9)7#'()*3 '*+ 8",4'8()*3 (6/ 

,)B(%#/ ."# WZ (" F_ 2/8"*+2 $.)*'& 6/)36( ". W\E ,,0; 56/* (6/ :6"&/ 2-2(/, :'2 #')2/+ (" 

#/&/'2/ (6/ 2)B 3/"4"&-,/# ,'2"*#- %*)(2 $<)3%#/ W_70; 56%2 (6/ %2%'& 4#"+%8()"* #'(/ ". 

'7"%( W[ 7&"8C2 4/# ,)*%(/ :'2 #/24/8(/+; 
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G2 (:" (-4/2 ". 7&"8C2 :/#/ ,'+/! .%&& "# :)(6 ')# 7&'+/ $<)3%#/ W_+0? (6/ U'8C2 6'+ (" 7/ 

86'*3/+ 7/(://* 8'2()*32;  

 
 !"#$%&-.(#&J#I&,28&.$2%0,7#*6&,$#;04%1b.1/*&.$01,#!K20*/!,$# 0$9#F#/126-"G#4J#7!1*16O/!%#.1,.%!$!#461.L"#
M2"$#%!/1;!-#8%1/#$9!#/126-"G#.J#".9!/&$0.#%!*%!"!,$&$01,#18#1,!#/126-#H2,0$"#&%!#//J#&,-#-J#8266#&,-#&0%#46&-!#

7!1*16O/!%#461.L"E#D?B<#=@20%&2-#8%P%!">#*%!.&"$#*6&,$:#(A'_(#U&%069!":#C%&,.!E#
 

56/ 4'&&/( ". 2)B 3/"4"&-,/# NT :'2 (6/* 4&'8/+ "* '* '%(",'()8 8"*9/-"# 8'##-)*3 (:" 

4'&&/(2 4/# &/9/& "* W_ &/9/&2? (" 7#)*3 (6/, (" (6/ 2("#'3/ :'#/6"%2/ $/B',4&/ ."# 8/,/*( 

NT )* <)3%#/ WW0; 56/ 7&"8C2 :/#/ 8%#/+ )* ' 6%,)+ '(,"246/#/ ."# X +'-2 '*+ (6/* 

8"&&/8(/+ '*+ 4%( "%(+""#2 ."# (6/ #/2( ". (6/ 8%#/;  

 

 
 !"#$%&--(#B2$1/&$0.#.1,;!O1%#0,#D?B<#=@20%&2-#8%P%!">#*%!.&"$#*6&,$:#(A'_(#U&%069!":#C%&,.!E#
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6E7%(0)$#.*/,0'%08%=&050.>$&)%20'2)&/&"%

 

L* '++)()"* (" '22/22)*3 (6/ 7/6'9)"%# ". (6/ 3/"4"&-,/# 7)*+/# )* (6/ 4#/2/*8/ ". '33#/3'(/2? 

"*/ 4%#4"2/ ". (6/2/ 2(%+)/2 :'2 (" +/(/#,)*/ :6)86 '44&)8'()"*2 :"%&+ 7/ '86)/9'7&/ :)(6 

(6)2 7)*+/#; G* )*9/2()3'()"* :'2 (6/#/."#/ ."8%2/+ "* (6/ ."#,%&'()"* ". 3/"4"&-,/# 

8"*8#/(/2 7- 2(%+-)*3 (6/ 8",4#/22)9/ 2(#/*3(6? (6/ ("('& 4"#"2)(- '*+ (6/ :"#C'7)&)(- 

'88"#+)*3 (" (6/ :'(/# "# '33#/3'(/ 8"*(/*(? '*+ 8",4'#)*3 (6/, (" S>D 2('*+'#+2; 

 

L* "#+/# (" /*9)2'3/ (6/ 4"22)7&/ '44&)8'()"*2 ". 3/"4"&-,/# 7)*+/#? ."#,%&'()"* 2(%+)/2 :/#/ 

8'##)/+ "%( %2)*3 X +)../#/*( 4#"4"#()"*2 ". :'(/# $KFSac'FS .#", WY;E (" F_0 '*+ X +)../#/*( 

4#"4"#()"*2 ". '33#/3'(/2 $^WA (" [XA 7- ,'220 )* "#+/# (" "72/#9/ (6/ )*.&%/*8/ ". (6/2/ 

4'#',/(/#2 "* (6/ .#/26 '*+ 6'#+/*/+ 2('(/2 ". (6/ 3/"4"&-,/# 8"*8#/(/; 56/ '33#/3'(/2 

86"2/* :/#/ *"*14"#"%2 2)&)8' '33#/3'(/2 $*',/+ >0 .#", ."%# 4'#()8&/ 2)H/ 8&'22/2! _1_;XWE 

,,? W1Y ,,? Y1[ ,, '*+ [1WF ,,; <"# /'86 ."#,%&'()"* $*',/+ DW (" D\0? :"#C'7)&)(-? 

+/*2)(-? ("('& 4"#"2)(- '*+ 8",4#/22)9/ 2(#/*3(6 :/#/ '22/22/+ '( 2/9/* +'-2; >#)2,2 ". '&& 

."#,%&'()"*2 '#/ 4#/2/*(/+ )* <)3%#/ WF '*+ '&& (6/ #/2%&(2 '*+ ."#,%&'()"*2 '#/ 3)9/* )* 5'7&/ 

F;  

 

V*;.&%D7 =/"4"&-,/# 8"*8#/(/2! ."#,%&'()"*2 '*+ #/2%&(2 $])SFaG&FSX M X;Z '*+ c'FSaG&FSX M _;\0 
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%
 !"#$%&-/(#I!$&L&160,b4&"!-#7!1*16O/!%#.1,.%!$!#*%0"/"#/&-!# 0$9#81%/26&$01,"#<'#$1#<AE#

%

1. Workability of geopolymer concretes 

 

]&%,4 ,/'2%#/,/*( )2 ' (/2( :)+/&- %2/+ (" 86'#'8(/#)2/ (6/ :"#C'7)&)(- ". 8"*8#/(/ )* (6/ 

.#/26 2('(/ '*+ '&&":2 ."#,%&'()"*2 (" 7/ 8",4'#/+ :)(6 "*/ '*"(6/#; 56/ *)*/ 3/"4"&-,/# 

."#,%&'()"*2 :/#/ (/2(/+ '88"#+)*3 (" Qc F_Z1W 7/."#/ 7/)*3 )*(#"+%8/+ )*(" (6/ ,"%&+2; c" 

2&%,4 :'2 "72/#9/+ ."# (6/ 8"*8#/(/2 6'9)*3 [XA 7- ,'22 ". '33#/3'(/? )##/24/8()9/ ". (6/ 

',"%*( ". :'(/# )* (6/ ."#,%&'()"*; <"# (6/ (6#// 8"*8#/(/2 6'9)*3 ^^A ". '33#/3'(/2 $DY (" 

DZ0? (6/ )*.&%/*8/ ". :'(/# "* (6/ 2&%,4 :'2 "79)"%2? '2 )( )*8#/'2/+ $.#", *"*/ (" WEE ,,0 

'2 (6/ R%'*()(- ". :'(/# )*8#/'2/+; L* 8'2/2 ". 2),)&'# :'(/# 8"*(/*( $[;XA '*+ [;FA ."# DZ 

'*+ D^0 (6/ 2',/ 2&%,4 :'2 ,/'2%#/+ $WEE ,, )* 7"(6 8'2/20; <)*'&&- (6/ 8"*8#/(/ 6'9)*3 

(6/ ,"2( :'(/# '*+ (6/ &/'2( '33#/3'(/2 $D\0 26":/+ ' .&'( 2&%,4 ". FE ,,;  

 

S72/#9'()"* ". (6/ 2&%,4 ,/'2%#/+ 9/#2%2 (6/ ("('& ',"%*( ". :'(/# )* (6/ 8"*8#/(/ $<)3%#/ 

WX0 6)36&)36(/+ (6/ 8&/'# ),4'8( ". (6/ :'(/# 8"*(/*(; L( '44/'#/+ (6'( :'(/# 8"*(/*( ". &/22 

(6'* ^A &/+ (" H/#" 2&%,4? :6)86 ,'- 7/ %2/.%& ."# ),,/+)'(/ #/&/'2/ 8"*8#/(/; b/-"*+ ^A 

". :'(/# )* (6/ ,)B(%#/? (6/ :"#C'7)&)(- )*8#/'2/+ R%)8C&-? 4'22)*3 .#", *" 2&%,4 $]W0 (" ' 

,'B),%, 2&%,4 ". FE_ ,, $]E0? :6/* "*&- XA ". :'(/# :'2 '++/+; 

`6/* ' 8"*8#/(/ 6'2 ]E 8"*2)2(/*8-? )( 7/8",/2 2" .&%)+ (6'( )( )2 6)36&- 2%28/4()7&/ (" 

2/3#/3'()"*; K":/9/#? :6/* '* ]E 8"*8#/(/ 8'* .&": %*+/# )(2 ":* :/)36( :)(6 '+/R%'(/ 

8"6/2)"* (" #/2)2( 2/3#/3'()"*? )( 6'2 (6/ 86'#'8(/#)2()82 ". ' 2/&.18",4'8()*3 8"*8#/(/; ]" ."# 

(6/ D\ ."#,%&'()"*? :6/#/ *" 4'#()8%&'# 2/3#/3'()"* :'2 "72/#9/+? )( :"%&+ 6'9/ 7//* 

4#/./#'7&/ (" ,/'2%#/ (6/ 2&%,4 .&": (" 2// ). (6/ 8"*8#/(/ 6'+ (6/ 86'#'8(/#)2()82 #/R%)#/+ ."# 

' 2/&.18"*2"&)+'()*3 8"*8#/(/; 
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 !"#$%&-0(#D62/*#;!%"2"#$1$&6#&/12,$#18# &$!%#0,#7!1*16O/!%#.1,.%!$!"#<'#$1#<A:# 0$9#.1,"0"$!,.O#.6&""!"#

&..1%-0,7#$1#?S_(Fb'E#
 

56)2 2(%+- "* (6/ .#/26 2('(/ ". 3/"4"&-,/# 8"*8#/(/2 26":/+ (6'( )( :'2 4"22)7&/ (" "7(')* '&& 

(6/ 8"*2)2(/*8- 8&'22/2 ."%*+ ."# S>D? #'*3)*3 .#", ]W (" ]E $Qc F_Z1W0; 56%2? )( 8'* 7/ 

(6"%36( (6'( ' :)+/ #'*3/ ". '44&)8'()"*2 )2 4"22)7&/ ."# (6/2/ ,'(/#)'&2; 

 

2. Total porosity  

 

56/ 4"#"2)(- 2(%+)/2 7- :'(/# )*(#%2)"*? '( ' +#-)*3 (/,4/#'(%#/ ". W_EJD? :/#/ ,'+/ '( ^ 

+'-2 "* (6/ 6'#+/*/+ 3/"4"&-,/# 8"*8#/(/2? '88"#+)*3 (" (6/ <#/*86 2('*+'#+ c< >W[1YE\; 

56/ 4"#"2)(- ,/'2%#/+ #'*3/+ .#", W_;EA (" W[;\A $5'7&/ F0? ."# '* '9/#'3/ 7%&C +/*2)(- ". 

FW[_ C3a,X $2('*+'#+ +/9)'()"* E\ C3a,X0;  

 

56/ .)#2( "72/#9'()"* ,'+/ "* (6/2/ #/2%&(2 8"*8/#*/+ (6/ ."#,%&'()"* DW? :6)86 +)+ *"( 2//, 

(" 4#/2/*( 8"6/#/*( #/2%&(2; 56)2 ."#,%&'()"* &/+ (" ' 9/#- +#- 8"*8#/(/? 4#/2/*()*3 6)36 "4/* 

4"#"2)(- 8#/'(/+ 7- )*'+/R%'(/ .)&&)*3 ". (6/ ,"%&+2 7- (6/ 8"*8#/(/ $'2 8'* 7/ 2//* "* (6/ &/.( 

4#)2, )* <)3%#/ WF0; 56/ #/2%&(2 "7(')*/+ ."# '&& "(6/# ."#,%&'()"*2 26":/+ (6/ 2',/ #/2%&(2 '2 

(6"2/ 4#/9)"%2&- "72/#9/+ "* (6/ 3/"4"&-,/# 4'2(/ $D6'4(/# L0? );/; (6'( )*8#/'2)*3 (6/ ',"%*( 

". :'(/# )* (6/ 3/"4"&-,/# ."#,%&'()"* )*8#/'2/+ (6/ ("('& 4"#"2)(-? :6'(/9/# (6/ '33#/3'(/ 

4#"4"#()"*; D"*9/#2/&-? )( :'2 ."%*+ (6'(? ."# ' 3)9/* ."#,'()"*? )*8#/'2)*3 (6/ ',"%*( ". 

'33#/3'(/ #/+%8/+ (6/ ("('& 4"#/ 9"&%,/; 56/#/."#/ )( '44/'#2 (6'( (6/ ,"2( ),4"#('*( 

4'#',/(/# :'2 (6/ ("('& :'(/# 8"*(/*( )* (6/ 8"*8#/(/? :6)86 :'2 8"*(#"&&/+ 7- 7"(6 (6/ 

3/"4"&-,/# ."#,%&'()"* '*+ (6/ ',"%*( ". '33#/3'(/; 
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56%2? '2 4#/2/*(/+ )* <)3%#/ WY'? (6/ ("('& 4"#/ 9"&%,/ )*8#/'2/+ '&,"2( &)*/'#&- :)(6 (6/ ("('& 

',"%*( ". :'(/# )* (6/ 8"*8#/(/? #/3'#+&/22 ". (6/ ."#,%&'()"* "# (6/ '33#/3'(/2 8"*(/*(; 

`6/* (6/ 4"#"2)(- '88/22)7&/ 7- :'(/# )*(#%2)"*? "7(')*/+ )* (6/ 4#/9)"%2 86'4(/# "* 4%#/ 

3/"4"&-,/# 4'2(/ $'( (6/ 2',/ +#-)*3 (/,4/#'(%#/ ". W_EJD0? :'2 '++/+? +/4/*+)*3 "* (6/ 

("('& :'(/# 8"*(/*(? (6/ &)*/'#)(- :'2 2()&& #/24/8(/+ $<)3%#/ WY70; 

 

 
 !"#$%&-1(#Q1%1"0$O#&..!""046!#$1# &$!%#;!%"2"#$9!#$1$&6#&/12,$#18# &$!%#18#7!1*16O/!%#.1,.%!$!"#&J# 0$912$#1%#

4J# 0$9#$9!#*1%1"0$0!"#/!&"2%!-#1,#7!1*16O/!%#*&"$!#0,#<9&*$!%#RE#
 
 

56/ ("('& 4"#"2)(- 9/#2%2 '33#/3'(/ 8"*(/*( 4#/2/*(/+ "* <)3%#/ WE' 26":2 (6'( )*8#/'2)*3 (6/ 

R%'*()(- ". '33#/3'(/2 +/8#/'2/2 (6/ ("('& 4"#"2)(- :)(6 8/#(')* 4#"4"#()"*'&)(-? :6'(/9/# (6/ 

."#,%&'()"* %2/+; 56)2 #/+%8()"* ,'- 7/ '22"8)'(/+ :)(6 ' +)&%()"* ". (6/ 3/"4"&-,/# 4'2(/? 

&/'+)*3 (" ' +/8#/'2/ ". (6/ :'(/# 8"*(/*(; b%( ). (6/ #/2%&(2 4#/9)"%2&- "7(')*/+ "* 

3/"4"&-,/# 4'2(/ $'( (6/ 2',/ +#-)*3 (/,4/#'(%#/ ". W_EJD0 '#/ 8"*2)+/#/+ '2 _A ". 

'33#/3'(/2? '2 #/4#/2/*(/+ )* <)3%#/ WE7? (6/ 8/#(')* 4#"4"#()"*'&)(- :'2 2()&& "7(')*/+ ."# /'86 

."#,%&'()"*; 56/2/ #/2%&(2 2%33/2( ,')*&- (6'( (6/ ("('& 4"#"2)(- ". (6/ 8"*8#/(/ )2 "*&- &)*C/+ 

(" (6/ :'(/# 8"*(/*( $'*+ (6%2 (6/ 3/"4"&-,/# ."#,%&'()"*0? :6)86 :"%&+ ),4&- (6'( (6/ 

'++)()"* ". '33#/3'(/2 +"/2 *"( 8#/'(/ ,"#/ 4"#"2)(-? '( &/'2( *"( :'(/#1'88/22)7&/ 4"#"2)(-;  

 

56%2 (6/2/ #/2%&(2 4#"9)+/+ )*."#,'()"* '7"%( (6/ )*(/#.'8)'& (#'*2)()"* H"*/ $L5d0 )* (6/ 

3/"4"&-,/# 8"*8#/(/2; L* "#+)*'#- >"#(&'*+ 8/,/*( 8"*8#/(/? (6/ )*(/#.'8/ 7/(://* ,)*/#'& 

'33#/3'(/2 '*+ 8/,/*( 7)*+/# )2 ".(/* +/28#)7/+ '2 (6/ )*(/#.'8)'& (#'*2)()"* H"*/? '*+ )2 

3/*/#'&&- 4/#8/)9/+ '2 (6/ :/'C/2( #/3)"* :)(6)* ' ,"#('# '*+a"# 8"*8#/(/ 2(#%8(%#/ +%/ (" )(2 

6)36 4"#"2)(-; ](%+)/2 8'##)/+ "%( "* (6/ 2%7U/8( :)(6 ' 3/"4"&-,/#)8 ,'(#)B 8"*8&%+/+? )* 

3/*/#'&? "* '* '72/*8/ ". L5d $>'86/8"15"#3'& /( '&;? F__^? O// '*+ @'* e/9/*(/#? F__Y0? "# 

"* '* L5d (6'( :'2 ,"#/ "# &/22 +/*2/ +/4/*+)*3 "* (6/ ."#,%&'()"* $K'&. /( '&;? F_WX0; 56/ 

("('& 4"#"2)(- #/2%&(2 '86)/9/+ )* (6)2 2(%+- 2%33/2( ' 2),)&'# 8"*8&%2)"*? 2)*8/ *" 4"#"2)(- 
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2//,/+ (" 7/ ."#,/+ 7- (6/ '++)()"* ". '33#/3'(/2; 56'( :"%&+ ),4&- (6'( (6/#/ :/#/ *" &/22 

+/*2/ "# :/'C/# '#/'2 )* (6/ 4'2(/1'33#/3'(/2 )*(/#.'8/; @)2%'& "72/#9'()"*2 ,'+/ '.(/# 

7#/'C)*3 ' 3/"4"&-,/# 8"*8#/(/ 8%7/ 8"*.)#,/+ (6)2 '72/*8/ ". L5d ."# (6/2/ 2-2(/,2; G2 8'* 

7/ 2//* "* <)3%#/ WZ? "*&- 24&)( '33#/3'(/2 :/#/ "72/#9/+ "* (6/ 7#"C/* 2%#.'8/2 ". 8"*8#/(/ 

8%7/? 4#"9)*3 (6'( (6/ )*(/#.'8/ :'2 2(#"*3/# (6'* (6/ 3#')*2? '*+ (6/#/."#/ (6/ L5d +)+ *"( 

8"*2()(%(/ ' :/'C '#/'; 

 

 
 !"#$%&-'(#&J#Q1%1"0$O#&..!""046!#4O# &$!%#;!%"2"#&77%!7&$!#.1,$!,$#0,#7!1*16O/!%#.1,.%!$!"G#4J#0,.62-0,7#$9!#
*%!;012"#%!"26$"#14$&0,!-#1,#*&"$!# 0$9#&#-%O0,7#$!/*!%&$2%!#18#'(5#T#<#81%#$9!#81%/26&$01,"#@Q'VE5:#@Q'X#&,-#

@Q_(E#

 

 

 

 !"#$%&-)(#'((#+#'((#+#'((#//#7!1*16O/!%#.1,.%!$!#
*%0"/#&8$!%#.1/*%!""0;!#"$%!,7$9#4%!&L0,7#
HC1%/26&$01,#@Q'VE5J# 0$9#"*60$#&77%!7&$!"#HYJE#
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3. Mechanical properties 

 

5:" 3/*/#'& (/*+2 /,/#3/ .#", (6/ ,/86'*)8'& 4#"4/#()/2 ,/'2%#/+ "* (6/ 3/"4"&-,/# 

8"*8#/(/2 $5'7&/ F0! 

 

<)#2(&- ' 2(#"*3 )*.&%/*8/ ". (6/ :'(/# 8"*(/*( ". (6/ 3/"4"&-,/# 7)*+/# :'2 "72/#9/+; G2 8'* 

7/ 2//* )* <)3%#/ W[? (6/ 8",4#/22)9/ 2(#/*3(6 2//,2 2),)&'# ."# '&& ."#,%&'()"*2 :)(6 ' 3)9/* 

3/"4"&-,/# :'(/# 8"*(/*( $X_A ."# =>WY;E? XXA ."# =>W^ '*+ X^A ."# =>F_0? :)(6 ' 

+/8#/'2/ ". (6/ 2(#/*3(6 :6/* (6/ :'(/# 8"*(/*( )*8#/'2/2; 56%2? ."# (6/ (6#// 8"*8#/(/2 ,'+/ 

:)(6 ."#,%&'()"* =>W^ '*+ '&& 6'9)*3 XXA ". :'(/# )* (6/)# 3/"4"&-,/# 8",4"2)()"* $DF? DE 

'*+ D[0? 2),)&'# 2(#/*3(62 ". '#"%*+ YE N>' :/#/ ."%*+; <"# (6/ (6#// 8"*8#/(/2 ,'+/ :)(6 

3/"4"&-,/# =>F_ $DX? DZ '*+ D\0 6'9)*3 X^A 7- ,'22 ". :'(/# )* (6/)# 7)*+/#? (6/ 

4/#."#,'*8/ :'2 2()&& 2),)&'# 7%( &":/#? '#"%*+ F_ N>'; 56/ 2(#/*3(6 ,/'2%#/+ ."# (6/ 

=>WY;E ."#,%&'()"*2 2//,2 (" ."&&": (6/ 2',/ (#/*+? :)(6 2),)&'# 4/#."#,'*8/ ". '#"%*+ Z_ 

N>' $DY '*+ D^0? 7%( :)(6 '* /B8/4()"* ."# DW +%/ (" ' :"#C'7)&)(- 4#"7&/, #/&'(/+ (" ' &'8C 

". :'(/# )* (6/ 2-2(/,; 56%2? )( '44/'#/+ (6'( (6/ 8"*8#/(/ 4/#."#,'*8/ 8&'22/2 :/#/ 

+/(/#,)*/+ 7- (6/ 4'2(/ ."#,%&'()"*2? '2 &"*3 '2 (6/ :"#C'7)&)(- :'2 2%..)8)/*(;     

 

 
 !"#$%&-*(#<1/*%!""0;!#"$%!,7$9"#18#7!1*16O/!%#.1,.%!$!"E#
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]/8"*+&-? (6/ ',"%*( '*+ 4'#()8&/ 2)H/ ". (6/ '33#/3'(/2 +"/2 *"( '44/'# (" '../8( (6/ .)*'& 

2(#/*3(6 ". 3/"4"&-,/# 8"*8#/(/; `6/* (6/ 8",4#/22)9/ 2(#/*3(6 )2 #/4#/2/*(/+ 9/#2%2 (6/ 

:'(/# 8"*(/*( ". (6/ 3/"4"&-,/# 4'2(/ $7- (6/ KFSac'FS #'()"0 ."# ."%# '33#/3'(/ 8"*(/*(2 

$<)3%#/ W[? )*8&%+)*3 (6/ 4#/9)"%2 #/2%&( ". D6'4(/# L ."# 3/"4"&-,/# ,"#('#20 )( '44/'#2 (6'( 

(6/ 2(#/*3(6 +/8#/'2/2 /R%'&&- :6/* (6/ KFSac'FS ,"&'# #'()" )*8#/'2/2? #/3'#+&/22 ". (6/ 

',"%*( "# 2)H/ ". (6/ '33#/3'(/2; <"# /B',4&/? :)(6 '* KFSac'FS #'()" ". WY;E? ' 

8",4#/22)9/ 2(#/*3(6 ". '#"%*+ Z_ N>' :'2 '86)/9/+ :)(6 ZFA ". 2'*+? "# ^^A "# ^WA ". 

'33#/3'(/2 $DY? D^? '*+ NE0; 56%2? (6/ 8"*8#/(/ 4/#."#,'*8/ 8&'22/2 :"%&+? '2 2('(/+ 

4#/9)"%2&-? 7/ +/(/#,)*/+ 7- (6/ 4'2(/ ."#,%&'()"*2 :6'(/9/# (6/ 4#"4"#()"* "# (6/ 2)H/ ". (6/ 

'33#/3'(/2? '2 &"*3 '2 (6/ :"#C'7)&)(- :'2 2%..)8)/*(;  

 

56)2 .)*+)*3 8"%&+ 7/ /B4&')*/+ 7- (6/ 4#/9)"%2 "72/#9'()"* ". (6/ '72/*8/ ". ' :/'C H"*/ 

7/(://* '33#/3'(/ '*+ 3/"4"&-,/#; L. (6/ )*(/#.'8/ 7/(://* (6/ '33#/3'(/ '*+ (6/ 7)*+/# 

/B6)7)(2 3""+ '+6/2)"*? )* '++)()"* (" (6/ '72/*8/ ". :/'C/# H"*/2? (6/ )*.&%/*8/ ". ,)*/#'& 

'++)()"*2 "* (6/ ,/86'*)8'& 2(#/*3(6 ". (6/ ,'(/#)'& :"%&+ 7/ */3&)3)7&/? (6/ ,/86'*)8'& 

2(#/*3(6 7/)*3 8",4&/(/&- 3"9/#*/+ 7- (6/ 3/"4"&-,/# 2(#/*3(6; 56)2 .)*+)*3 #/9/'&2 ' 9/#- 

4#'8()8'& '24/8( ". (6/ 3/"4"&-,/# '2 ' 7)*+/# )* 8"*8#/(/ 2(#%8(%#/2? 26":)*3 (6'( )( :"%&+ 7/ 

4"22)7&/ (" #/+%8/ (6/ ',"%*( ". 7)*+/# :6)&/ ,')*(')*)*3 (6/ ,/86'*)8'& 4/#."#,'*8/ ". (6/ 

8"*8#/(/; 

 

 
 !"#$%&-+(#<1/*%!""0;!#"$%!,7$9"#18#7!1*16O/!%#.1,.%!$!"#-!*!,-0,7#1,#$9!#N_Z[S&_Z#%&$01#81%#812%#&77%!7&$!#

.1,$!,$"E#
# #
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V/3'#+)*3 (6/ 8",4#/22)9/ 2(#/*3(62 ". (6/ 3/"4"&-,/# 8"*8#/(/2 +/4/*+)*3 "* (6/)# ("('& 

4"#"2)()/2? '2 4#/2/*(/+ )* <)3%#/ W\? )( :'2 "72/#9/+ (6'(? ."# ' 3)9/* ',"%*( ". '33#/3'(/2? 

(6/ ,"#/ (6/ 4"#"2)(- )*8#/'2/+? (6/ ,"#/ (6/ 2(#/*3(6 +/8#/'2/+; 56/ .'8( (6'( (6/ 4"#"2)(- 

:'2 ."%*+ (" 7/ &)*C/+ (" (6/ ("('& :'(/# 8"*(/*( ),4&)/+ (6'(? '2 )* S>D 8"*8#/(/? )*8#/'2)*3 

(6/ ',"%*( ". :'(/# +/8#/'2/+ (6/ ,/86'*)8'& 4/#."#,'*8/; K":/9/#? '2 (6/ 3/"4"&-,/# 

."#,%&'()"* .)B/+ (6/ 8",4#/22)9/ 2(#/*3(6 '*+ *"( (6/ ',"%*( ". '33#/3'(/2? ,"#/ 4"#"%2 

8"*8#/(/2 $&)C/ D^0 8"%&+ 6'9/ ' 6)36/# 8",4#/22)9/ 2(#/*3(6 (6'* ' &/22 4"#"%2 ."#,%&'()"* 

$&)C/ DF0; 

 
 !"#$%&-,(#<1/*%!""0;!#"$%!,7$9"#18#7!1*16O/!%#.1,.%!$!"#-!*!,-0,7#1,#$9!#$1$&6#*1%1"0$O#&,-#-2%&4060$O#

.6&""!"#&..1%-0,7#$1#\&%179!6b\12,O#H\&%179!6b\12,O#!$#&6E#_((VJE#
 

56/ 4"#"2)(- '88/22)7&/ (" :'(/# 8"%&+ '&2" 7/ ' 4'#',/(/# :6)86? :)(6 (6/ 6/&4 ". (6/ G<=D 

G<VQN F__Y ,'*%'& $b'#"36/&1b"%*- /( '&? F__Y0? :"%&+ '&&": S>D 8"*8#/(/2 (" 7/ 

8&'22).)/+ "* (6/ 7'2)2 ". (6/)# 4"(/*()'& +%#'7)&)(-; L* (6)2 ,'*%'&? ."%# &),)(2? ". \A? WFA? 

WYA? '*+ WZA ("('& 4"#"2)(-? +/(/#,)*/ .)9/ 8&'22/2 ". f4"(/*()'&f +%#'7)&)(- .#", 9/#- 6)36 

(" 9/#- &":; 56/2/ 8&'22/2 '#/ #/4#/2/*(/+ )* <)3%#/ W\? ."# +)28%22)"* 4%#4"2/2 "*&- 2)*8/ 

(6/2/ &),)(2 :/#/ +/.)*/+ ."# S>D; L. (6/- 6'+ 7//* '44&)/+ (" 3/"4"&-,/# 8"*8#/(/? )( :"%&+ 

6'9/ 7//* 8"*8&%+/+ (6'(? ". (6/ /)36( ."#,%&'()"*2 ". 3/"4"&-,/# 8"*8#/(/2 '*'&-2/+? *"*/ 

:"%&+ 4#/2/*( ' 9/#- 6)36 f4"(/*()'&f +%#'7)&)(- $g P \A0? (6#// :"%&+ 4#/2/*( ' &": "# 9/#- 

&": f4"(/*()'&f +%#'7)&)(- '*+ .)9/ ."#,%&'()"*2 :"%&+ 6'9/ '  6)36 "# ,/+)%, f4"(/*()'&f 

+%#'7)&)(-; K":/9/#? (6/ ("('& 4"#"2)(- '&"*/ 8'**"( 4#/+)8( (6/ 4"(/*()'& +%#'7)&)(- ". 

3/"4"&-,/#? '2 (6/ 4"#"2)()/2 ". (6/2/ ,'(#)8/2 '#/ R%)(/ +)../#/*( .#", (6"2/ ". S>D; 

N"#/"9/#? (6/ #/4#/2/*('()"* ". <)3%#/ W\ 6'2 26":* (6'( (6/ 8"*8&%2)"*2 8'* 9'#- :)+/&- 

+/4/*+)*3 "* (6/ '33#/3'(/ 8"*(/*(; L( :"%&+ (6/#/."#/ 7/ #)2C- (" '44&- (6)2 8&'22).)8'()"* (" 

3/"4"&-,/# 8"*8#/(/2? '2 6'2 7//* +"*/ ."# 2&'3 8"*8#/(/ $@'* e/9/*(/#? F_WY0? 7/8'%2/ (6/ 

8"*8&%2)"*2 :"%&+ 9/#- 4#"7'7&- *"( #/4#/2/*( #/'&)(-;  
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4. Economic considerations 

 

56/ 8"2( ". ' 8%7)8 ,/(#/ ". 8"*8#/(/ )2 '* ),4"#('*( .'8("# (6'( 6'2 (" 7/ 8"*2)+/#/+ )* 

'++)()"* (" )(2 8",4#/22)9/ 2(#/*3(6 '*+ +%#'7)&)(-; L* (6)2 2/8()"*? (6/ 4#)8/ ". 3/"4"&-,/# 

8"*8#/(/ $:)(6"%( (#'*24"#('()"*0 )2 8",4'#/+ (" (6/ 4#)8/ ". S>D? ."# (6/ ."#,%&'()"*2 

4#/9)"%2&- 4#/2/*(/+; 

 

<)3%#/ F_ #/4#/2/*(2 (6/ #/2%&(2 ". (6)2 /8"*",)8 2(%+-? '88"#+)*3 (" (6/ ."&&":)*3 

6-4"(6/2/2! 

· 56/ 4#)8/ ". (6/ 8%7)8 ,/(#/ ". 8"*8#/(/ :'2 8",4'#/+ f/B .'8("#-f? '*+ (6/#/."#/ 

/B8&%+/+ '*- (#'*24"#( #'(/2; 

· 56/ 8'&8%&'(/+ 4#)8/2 :/#/ 4#/2/*(/+ )* '#7)(#'#- %*)(2 #/&'()9/ (" ' #/./#/*8/ 9'&%/ ". 

W;_? 8"##/24"*+)*3 (" (6/ 4#)8/ ". ' 8%7)8 ,/(#/ ". 8"*8#/(/ ,'+/ :)(6 "#+)*'#- 

8/,/*( $DQN L EF;E c "# V0 '*+ 6'9)*3 ' 8",4#/22)9/ 2(#/*3(6 ". F_ N>'? YE N>' "# 

Z_ N>'; 56/ 8"##/24"*+)*3 8",4"2)()"*2 2/&/8(/+ '#/ 4#/2/*(/+ )* 5'7&/ X; 

· 56/ 4#)8/ ."# (6/ 8%7)8 ,/(#/2 ". 3/"4"&-,/# 8"*8#/(/2 6'9/ 7//* 8'&8%&'(/+ .#", (6/ 

8",4"2)()"*2 4#/2/*(/+ )* 5'7&/ F $/B8/4( ."# (6/ DW ."#,%&'()"*? U%+3/+ *"( 

8"*2)2(/*( ."# (6)2 2(%+-0 

· 56/ 8'&8%&'()"* 8"*2)+/#/+ (6/ %2/ ". '* '8()9'()*3 2"&%()"* (6'( +)+ *"( #/R%)#/ 

'++)()"* ". 2"+'? '*+ (6#// #/&'()9/ 4#)8/2 :/#/ '22%,/+ $4/# ("**/20! 2',/ 4#)8/ '2 

8/,/*( $♦ `3BW0? (:)8/ (6/ 4#)8/ ". 8/,/*( $● `3BF0 '*+ (6#// (),/2 (6/ 4#)8/ ". 

8/,/*( $▲`3BX0; 

· 56/ 8"2( ". ' ("**/2 ". ,/('C'"&)* :'2 '&2" 86"2/*? )* #/&'()"* (" (6/ 4#)8/ ". (6/ 

8/,/*(? '2 _;[ (),/2 $♦ NC_;[0? /R%'& (" $♦ NCW;_0 "# W;F $♦ NCW;F0 (),/2 (6/ 4#)8/ ". 

' ("**/2 ". DQN L EF;E; 

· <)*'&&-? (6/ 4#)8/ ". (6/ 8%7)8 ,/(#/2 ". 3/"4"&-,/# 8"*8#/(/ 8"*(')*)*3 ^WA? ^^A 

'*+ [XA ". '33#/3'(/2 :/#/ +)2()*3%)26/+ 7- +)../#/*( 8"&"#'()"* ". (6/ ,'#C/#2; 

V*;.&%?7 S>D 8"*8#/(/ 8",4"2)()"*2 ."# "*/ 8%7)8 ,/(#/? 86"2/* '2 #/./#/*8/2 ."# (6/ /8"*",)8 2(%+-; 
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 !"#$%&/.(#]!6&$0;!#*%0.!#18#7!1*16O/!%#.1,.%!$!#.1/*&%!-#$1#ZQ<#-!*!,-0,7#1,#$9!#.1/*%!""0;!#"$%!,7$9:#81%#
$9%!!#&77%!7&$!#.1,$!,$":#&,-#81%#$9%!!#-088!%!,$#*%0.!#18#/!$&L&160,#HILJ#&,-#"1-02/#"060.&$!#H^7J#.1/*&%!-#$1#

ZQ<#*%0.!#Ha'JE#

 

]/9/#'& 8"*8&%2)"*2 8'* 7/ +#':* .#", (6)2 /8"*",)8 2(%+-! 

<)#2(? (6/ )*.&%/*8/ ". (6/ +/2)#/+ 2(#/*3(6 "* (6/ #/&'()9/ 4#)8/ ". (6/ 3/"4"&-,/# 8"*8#/(/ 

:'2 8"*2)+/#'7&/; L( (6%2 '44/'#/+ (6'( )( :"%&+ 7/ ,"#/ /8"*",)8'& (" ,'C/ 3/"4"&-,/# 

8"*8#/(/2 6'9)*3 6)36 8",4#/22)9/ 2(#/*3(6? #'(6/# (6'* &": 4/#."#,'*8/; L( :'2 8'&8%&'(/+ 

(6'(? ."# F_ N>'? ,"#/ 2"&)+ 7)*+/# 6'+ (" 7/ '++/+ (" (6/ 3/"4"&-,/# ."#,%&'()"* (6'* (" 

8/,/*( ."# (6/ 2',/ .)*'& 8",4#/22)9/ 2(#/*3(6 :6)&/? ."# Z_ N>'? &/22 2"&)+ 7)*+/# :'2 

#/R%)#/+ )* 3/"4"&-,/# ."#,%&'()"* (6'* (6'( %2/+ )* DQN L EF;E ."#,%&'()"*; N"#/"9/#? *" 

2%4/#4&'2()8)2/# 6'+ (" 7/ )*(#"+%8/+ )*(" (6/ ,)B(%#/; ]" *" 3/"4"&-,/# 8"*8#/(/2 ". F_ N>' 

:/#/ 8'&8%&'(/+ (" 6'9/ ' 4#)8/ /R%'& (" "# &":/# (6'* (6'( ". 8/,/*(? :6)&/ .#", YE N>'? 

8",4'#'7&/ 4#)8/2 :/#/ "7(')*/+ ."# 7"(6 ,'(/#)'&2; 

 

G 2)3*).)8'*( )*.&%/*8/ ". (6/ 4#)8/ ". (6/ 2)&)8'(/ 2"&%()"* "* (6/ 8"2( ". (6/ 8%7)8 ,/(#/ ". 

3/"4"&-,/# 8"*8#/(/ :'2 '&2" *"(/+? ,')*&- +%/ (" (6/ .'8( (6'( )(2 4#)8/ 8"%&+ 9'#- 7- ' 

.'8("# ". "*/ (" (6#//? 8",4'#/+ (" S>D;&56)2 86")8/ ". (6#)8/ (6/ 4#)8/ ". DQN L EF;E :'2 

,'+/ #/'&)2()8'&&- )* 9)/: ". (6/ 4%#)(- ". (6/ 2"&%()"*2 '9')&'7&/ "* (6/ ,'#C/( '*+ (6/)# 

#'#)(-; 56/ 4#)8/ ". (6/ :'(/#3&'22 2"&%()"* '44/'#2 (" 7/ ' ,'U"# )22%/ )* (6/ /8"*",)8 

9)'7)&)(- ". 3/"4"&-,/# 8"*8#/(/2? '*+ ). )( :/#/ /R%'& (" (6/ DQN L EF;E 4#)8/ $h "* <)3%#/ 

F_0? )( :"%&+ 7/ 4"22)7&/ (" #/'86 ' 2),)&'# 8"2( ."# ' 8%7)8 ,/(#/ ". 8"*8#/(/ 6'9)*3 ' 

8",4#/22)9/ 2(#/*3(6 YEN>' '*+ 7/-"*+; 
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V/3'#+)*3 (6/ ),4'8( ". ,/('C'"&)* 4#)8/2? (6/)# )*.&%/*8/ "* (6/ .)*'& 8"2( ". (6/ 8"*8#/(/ 

:'2 &"3)8'&&- "72/#9/+ (" 7/ &":? 3)9/* (6/ 2,'&& +)../#/*8/ ". )(2 4#)8/ 8",4'#/+ (" 8/,/*(; 

G*+ 8"*8/#*)*3 (6/ '33#/3'(/ 8"*(/*(? (6/ ),4'8( ". )(2 9'#)'()"* :'2 '&2" "79)"%2! '2 

)*8#/'2)*3 (6/ ',"%*( ". '33#/3'(/2 +/8#/'2/+ (6/ 7)*+/# 8"*(/*(? )( '&2" +/8#/'2/+ (6/ 4#)8/ 

". (6/ 8"*8#/(/; 

 

L* 8"*8&%2)"*? )( 8'* 7/ 2')+ (6'( ' 8%7)8 ,/(#/ ". 3/"4"&-,/# 8"*8#/(/ 8'* #/'2"*'7&- 7/ 

,'+/ '( (6/ 2',/ 4#)8/ '2 S>D 8"*8#/(/ ."# /R%'& 8",4#/22)9/ 2(#/*3(62? 7%( "* (6/ ."&&":)*3 

8"*+)()"*2! 

 

à 56/ 8",4#/22)9/ 2(#/*3(62 #/R%)#/+ ,%2( 7/ 6)36 $YEN>' "# 7/-"*+0; 

à 56/ 2"+)%, 2)&)8'(/ 2"&%()"* 4#)8/ ,%2( 7/ /R%'& (" "# &":/# (6'* (6'( ". ' DQN L EF;E; 

à 56/ ,/('C'"&)* 8"2( ,%2( *"( /B8//+ W;F (),/2 (6/ 4#)8/ ". 8/,/*(; 

à  56/ '33#/3'(/ 8"*(/*( )* (6/ 3/"4"&-,/# 8"*8#/(/ ,%2( 7/ 6)36/# (6'* ^WA 7- ,'22; 

 

]",/ ."#,%&'()"* "4(),)2'()"* 2(%+)/2 8"%&+ '&2" '&&": (6/2/ 8"2(2 (" 7/ 7#"%36( +":* 7- 

#/+%8)*3 (6/ ',"%*( ". 7)*+/# )* (6/ 8"*8#/(/ "# (#-)*3 (" .)*+ ' &/22 /B4/*2)9/ '8()9'()"* 

2"&%()"*; 
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This study on the formulation of geopolymer concrete showed that, in the presence of 

non-porous siliceous aggregates and for a 6 L preparation, the geopolymer was able to 

replace traditional Portland cement. The workability and compressive strength measured 

indicate a range of possible applications almost as wide as for OPC, but these theoretical 

results must be validated by further tests. Thus the next part of this chapter will assess 

the behaviour of geopolymer concretes for special applications requiring fluid to dry 

concretes(&
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E7%(.#,1%*'1%1)>%=&050.>$&)%20'2)&/&"%

 

56/ ."#,%&'()"* 4&'* 6'2 26":* (6'( '&& (6/ S>D 8"*2)2(/*8- 8&'22/2 8'* 7/ '86)/9/+ :)(6 ' 

3/"4"&-,/# 7)*+/# '88"#+)*3 (" (6/ 2&%,4 (/2(; <%#(6/# (/2(2 :/#/ %*+/#('C/* (" 2// ). (6"2/ 

8&'22/2 :/#/ '44&)8'7&/ (" 3/"4"&-,/# 8"*8#/(/2; S* (6/ "*/ 6'*+? ' 2(#%8(%#'& 7/', /R%)44/+ 

:)(6 #/)*."#8)*3 2(//& :'2 ,'+/ )* "#+/# (" 2// ). (6/ 3/"4"&-,/# 8"*8#/(/ 8"%&+ 7/ .&%)+ 

/*"%36 (" ,'C/ 2%86 2(#%8(%#/2; S* (6/ "(6/# 6'*+? ' 2(%+- :'2 8"*+%8(/+ )* :6)86 (6/ 

7)*+/#a'33#/3'(/ #'()" :'2 #/+%8/+? )* "#+/# (" '22/22 (6/ 7/6'9)"%# ". +#- 3/"4"&-,/# 

8"*8#/(/2 '*+ 8",4'#/ (6/, (" S>D; G2 (6)2 2(%+- 6'+ (" 7/ 8"*+%8(/+ %2)*3 (6#// +)../#/*( 

#'*3/2 ". /R%)4,/*( 2)H/? .#", &'7"#'("#- (" 4#/8'2( 4&'*(? (6/ 28'&/ /../8( :'2 '&2" '22/22/+; 

 

1. Reinforced concrete structure 

 

56/ 2&%,4 (/2( 26":/+ (6'( 3/"4"&-,/# 8"*8#/(/2 8"%&+ 7/ .&%)+; K":/9/#? (6/ 6)36 9)28"2)(- 

". (6/ '8()9'()*3 2"&%()"* ,'- &/'+ (" +)../#/*( 7/6'9)"%# ". (6/ .#/26 3/"4"&-,/# 8"*8#/(/ 

8",4'#/+ (" S>D? /24/8)'&&- )* (6/ 4'#()8%&'# 8'2/ ". #/)*."#8/+ 2(#%8(%#/2; N'C)*3 8"*8#/(/2 

)*8"#4"#'()*3 2(//& #/)*."#8/,/*(2 #/R%)#/2 ' 6)36 :"#C'7)&)(- '2 (6/ .#/26 8"*8#/(/2 26"%&+ 7/ 

'7&/ (" ("('&&- .)&& (6/ ,"%&+2? :6)86 '#/ ".(/* *'##":? '*+ 8",4&/(/&- 8"'( (6/ 2(//& 7'#2; G2 

.#/26 3/"4"&-,/# 8"*8#/(/2 6'9/ 6)36/# 9)28"2)(- (6'* 8/,/*(? ,')*&- +%/ (" (6/ )*)()'& 

9)28"2)(- ". 2"+)%, 2)&)8'(/? 4""# 8"'()*3 ". (6/ 2(//& 7'#2 "# :"#C'7)&)(- 4#"7&/,2 +%#)*3 

,)B)*3 "* ' &'#3/# 28'&/ $F__ O0 8"%&+ "88%#;   

 

1.1 Concrete formulation 

 

L* "#+/# (" '22/22 (6/ ./'2)7)&)(- ". 2%86 '* '44&)8'()"*? (:" #/)*."#8/+ 7/',2 :/#/ 8'2( )* (6/ 

&'7"#'("#-? :)(6 (6/ 2',/ 4#"8/+%#/ '2 3/*/#'&&- %2/+ ."# S>D; b/8'%2/ (6/ 8"*2)2(/*8- 8&'22 

2%)('7&/ ."# (6/ .'7#)8'()"* ". 2%86 ' 2(#%8(%#/ )2 3/*/#'&&- 7/(://* ]X '*+ ]Y? (6/ 3/"4"&-,/# 

."#,%&'()"* 86"2/* :'2 D^? :6)86 6'+ ' 2&%,4 ". WEE ,, $<)3%#/ WX0; 56/ '8()9'()*3 

2"&%()"* %2/+ :'2 (6/ ,"2( 8"*8/*(#'(/+ "*/ $`3W;^0? :6)86 '9")+/+ 6'9)*3 (" '++ ' &'#3/ 

',"%*( ". 4%#/ c'SK; 56/ '33#/3'(/2 :/#/ 8"'#2/ #"&&/+ '&&%9)'& 2)&)8/"%2 '33#/3'(/2 .#", 

(6/ 2"%(61:/2( ". <#'*8/ $'33#/3'(/ =0; 56/- :/#/ 86'#'8(/#)2/+ 7- (:" 4'#()8&/ 2)H/ 8&'22/2? 

"*/ ".  _1Y ,, '*+ "*/ ". Y1W_ ,, :)(6 ,'22 4#"4"#()"*2 ". Y_A '*+ Z_A? #/24/8()9/&-; 
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56/ 3/"4"&-,/# ."#,%&'()"* :'2 (6/ 2',/ ."# (6/ (:" 7/',2 7%( (6/ .)#2( "*/ $bW0 :'2 8'2( 

:)(6 +#- '33#/3'(/2 '*+ (6/ 2/8"*+ "*/ $bF0 :)(6 2'(%#'(/+ 2%#.'8/ +#- '33#/3'(/2; L* 7"(6 

8'2/2? )* '++)()"* (" (6/ X___ B F[_ B WE_ ,, 7/',? (:" WW_ B FF_ ,, 8-&)*+/#2 '*+ (6#// 

W__ B W__ B W__ ,, 8%7/2 :/#/ 8'2(? :6)86 #/R%)#/+ WYX &)(#/2 ". 8"*8#/(/; 56/ +/(')&2 ". (6/ 

."#,%&'()"* '*+ (6/ 8",4#/22)9/ 2(#/*3(6 ,/'2%#/+ "* (6/ 8%7/2 '#/ 4#/2/*(/+ )* 5'7&/ Y; 

%

V*;.&%C7 =/"4"&-,/# 7/', ."#,%&'()"*2 '*+ #/2%&(2 "* 8%7)8 2',4&/2 $])SFaG&FSX M X;Z '*+ c'FSaG&FSX M _;\0; 

 
 

56/ ,)B :'2 4#/4'#/+ )* ' F__1O ,)B/# ."&&":)*3 (6/ 2',/ 4#"8/+%#/ '2 4#/9)"%2&-! :/)36/+ 

,/('C'"&)* '*+ '33#/3'(/2 :/#/ ,)B/+ %*()& ' 6","3/*/"%2 ,)B(%#/ :'2 "7(')*/+? '*+ (6/* 

(6/ '&C'&) 2)&)8'(/ 2"&%()"* :'2 ,'*%'&&- )*(#"+%8/+ +%#)*3 ,)B)*3 %2)*3 7%8C/(2; 56/ ,)B(%#/ 

:'2 ,'+/ )* (6/ 2',/ :'- '2 ."# '* S>D? /B8/4( (6'(? 26"#(&- '.(/# (6/ )*(#"+%8()"* ". (6/ 

'&C'&) 2)&)8'(/ 2"&%()"*? '* )*8#/'2/ )* (6/ 9)28"2)(- ". (6/ ,)B(%#/ :'2 *"(/+? )*9"&9)*3 '* 

)*8#/'2/ )* (6/ 26/'# #/2)2('*8/; 56)2 7/6'9)"%# 6'2 '&#/'+- 7//* "72/#9/+ "* 4#/9)"%2 

8'2()*32? '&:'-2 '( (6/ (),/ ". (6/ :'(/#3&'22 2"&%()"* '++)()"*? 7%( (6/ 46/*",/*"* :'2 

',4&).)/+ 7- (6/ 3#/'(/# R%'*()(- ". ,)B(%#/; K":/9/#? (6'( +)+ *"( 6)*+/# (6/ 7/', 

4#/4'#'()"*; 

 

1.2 Beam casting 

 

S*8/ (6/ ,)B)*3 6'+ 7//* 8",4&/(/+? (6/ .#/26 8"*8#/(/ :'2 4%( )*(" ' 7%8C/( 4&'8/+ 7/&": 

(6/ ,)B/# $<)3%#/ FW ' '*+ 70; 56)2 7%8C/( :'2 (6/* 7#"%36( (" (6/ 7/', ,"%&+2 7- ' ."#C&).( 

(#%8C $<)3%#/ FW80; 
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 !"#$%&/-(#&J#_(()#/0+!%#&,-#$9!#.1,.%!$!#42.L!$G#4J#C0660,7#18#$9!#.1,.%!$!#42.L!$# 0$9#$9!#7!1*16O/!%#

.1,.%!$!#.J#C1%L608$#608$0,7#$9!#8266#42.L!$E#
 

56/ 7%8C/( :'2 4&'8/+ "* ("4 ". (6/ 7/', ,"%&+? :6)86 6'+ 7//* 4#/9)"%2&- ")&/+ '*+ 

/R%)44/+ :)(6 2(//& #/)*."#8/,/*( $<)3%#/ FF'0; T2)*3 ' 3%((/#? (6/ ,)B :'2 )*(#"+%8/+ )*(" 

(6/ ,"%&+ '2 26":* )* <)3%#/ FF7; 56/ +/28/*( ". (6/ .#/26 8"*8#/(/ 7- (6)2 3%((/# :'2 2&":/# 

(6'* ."# 8/,/*( 8"*8#/(/ 7%( :'2 2%88/22.%&; 56/ 7/', :'2 8'2( )* (:" &'-/#2 '*+? (" /*2%#/ 

4#"4/# .)&&)*3 ". (6/ ."#, 7- (6/ 8"*8#/(/? /'86 &'-/# :'2 9)7#'(/+ 7- ' 9)7#'()*3 *//+&/ 

$<)3%#/ FF80; 

 
 !"#$%&//E#&J#\!&/#/126-# 0$9#$9!#"$!!6#%!0,81%.!/!,$G#4J#-!".!,$#18#$9!#8%!"9#.1,.%!$!#4O#72$$!%G#.J#;04%&$01,#18#

$9!#8%!"9#7!1*16O/!%#.1,.%!$!#2"0,7#&#;04%&$0,7#,!!-6!#&,-#-J#6!;!660,7#18#$9!#4!&/# 0$9#&#$%1 !6; 
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56/ 9)7#'()*3 *//+&/ :'2 +)44/+ 3#'+%'&&- )*(" (6/ 8"*8#/(/ (" #/'86 (6/ 7"((", ". (6/ ."#, 

%*()& (6/#/ :/#/ *" ,"#/ 2%#.'8/ ')# 7%77&/2; 56/ 7/', :'2 .)*'&&- &/9/&&/+ %2)*3 ' (#":/& (" 

"7(')* '2 .&'( ' 2%#.'8/ '2 4"22)7&/ $<)3%#/ FF+0; L( :'2 (6/* 8"9/#/+ :)(6 4&'2()8 ."# E +'-2; 

56/ 2',/ "4/#'()"* :'2 8'##)/+ "%( ."# (6/ 8'2()*3 ". (6/ 2/8"*+ 7/',; 

1.3 Demoulding and cure conditions 

 

G.(/# .)9/ +'-2? (6/ (:" 7/',2 :/#/ +/,"%&+/+; L( :'2 .)#2( "72/#9/+ (6'(? +/24)(/ (6/ 

9)7#'()"*2? ' &'#3/ *%,7/# ". ')# 7%77&/2 :/#/ (#'44/+ )* (6/ 8"*8#/(/? '*+ :/#/ 9)2)7&/ "* (6/ 

2)+/2 ". (6/ 7/',2 $<)3%#/ FX'0; 56/ (:" 7/',2 :/#/ #/,"9/+ .#", (6/)# ,"%&+2 %2)*3 ' 

."#C&).( $<)3%#/ FX70 :)(6"%( 8'%2)*3 '*- +','3/ "# 8#'8C)*3; 56/- :/#/ (6/* 2("#/+ )* 

',7)/*( 8"*+)()"*2 $(/,4/#'(%#/ '*+ V;K;0? /)(6/# "%(+""#2 $bW <)3%#/ FX80 "# )*+""#2 $bF 

<)3%#/ FX+0? '2 :/#/ (6/ 4#)2,2 '*+ 8%7/2 ,'+/ '( (6/ 2',/ (),/; 56/ (:" 7/',2 :/#/ 

/&/9'(/+ %2)*3 (:" :""+/* 7&"8C2 2" '2 (" 4#"(/8( (6/, .#", 8'4)&&'#- #)2/ ". :'(/#; 56/ 

7/',2 :/#/ C/4( )* (6/2/ 8"*+)()"*2 '*+ 9)2%'& "72/#9'()"*2 :/#/ ,'+/ #/3%&'#&-; 56/ 7/', 

2('-/+ )* (6/2/ 8"*+)()"*2 ."# &"*31(/#, 2(%+-; 

 

 
 !"#$%&/0(#&J#"0-!#18#\'#"91 0,7#$9!#&0%#42446!"#$%&**!-#0,#$9!#8%!"9#.1,.%!$!#4J#4!&/#\'#%!/1;!-#8%1/#0$"#

/126-#2"0,7#&#81%L608$G#.J#\'#"$1%!-#12$-11%"#&,-#-J#\_#"$1%!-#0,-11%"E#
 

56)2 (/2( 26":/+ (6'( )( :'2 4"22)7&/ (" ,'C/ #/)*."#8/+ 7/',2 %2)*3 (6/ 2',/ ,'(/#)'&2 '*+ 

,/(6"+2 ."# ,)B)*3 '*+ 8'2()*3 '2 ."# S>D; 56)2 (/2( '&2" 26":/+ (6'( ' 8"*2)2(/*8- 8&'22 ". 

7/(://* ]X '*+ ]Y :'2 '44#"4#)'(/ ."# (6/ 3/"4"&-,/# 8"*8#/(/2; 
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1.4 Mechanical strength  

 

]/9/* +'-2 '.(/# 8'2()*3? (6/ 8%7/2 :/#/ (/2(/+ )* 8",4#/22)"*? '*+ (6/ 8",4#/22)9/ 2(#/*3(62 

26":* )* 5'7&/ Y '#/ '* '9/#'3/ ". (6#// 9'&%/2; 56/ .)#2( 8"*8#/(/ $bW0 6'+ ' 2(#/*3(6 ". E\;E 

N>'? :6)86 :'2 )* '3#//,/*( :)(6 (6/ '9/#'3/ ". Z_ N>' ."%*+ ."# (6)2 3/"4"&-,/# +%#)*3 

(6/ ."#,%&'()"* 2(%+-; 56%2? (6/ %2/ ". 8"'#2/ '33#/3'(/2 6'+ "*&- ' ,)*"# ),4'8( "* (6/ 

8"*8#/(/ 2(#/*3(6 8",4'#/+ (" (6/ 2('*+'#+ *"*14"#"%2 '33#/3'(/2 %2/+ )* (6/ 4#/9)"%2 

2/8()"*; L* 8"*(#'2(? (6/ %2/ ". 2'(%#'(/+ 2%#.'8/ +#- '33#/3'(/ &/+ (" ' 2)3*).)8'*( +/8#/'2/ )* 

(6/ 8",4#/22)9/ 2(#/*3(6? '2 W_ N>' &/22 :'2 "7(')*/+ ."# (6/ 2/8"*+ 8"*8#/(/ $bF0; 56)2 

"72/#9'()"* 26":/+ (6/ 2)3*).)8'*( )*.&%/*8/ ". (6/ ',"%*( ". :'(/# )* (6/ ,)B(%#/? :6)86 

:'2 2),)&'# (" (6/ )*.&%/*8/ "72/#9/+ "* S>D /B8/4( (6'(? )* (6/ 8'2/ ". 3/"4"&-,/# 8"*8#/(/? 

(6/ +/8#/'2/ )* :'(/# 8"*(/*( :'2 &),)(/+ 7/8'%2/ ". (6/ &'#3/ ',"%*( ". :'(/# 4#"9)+/+ 7- 

(6/ '8()9'()*3 2"&%()"*; 56/ :'(/# 8"*(/*( ". (6/ '33#/3'(/2 )2 (6%2 ' ,'U"# )22%/ ."# (6/ 

."#,%&'()"* ". 3/"4"&-,/# 8"*8#/(/;  

 

1.5 Durability problems  

 

G.(/# ' -/'#? 2%#.'8/ 4#"7&/,2 :/#/ *"()8/+ "* (6/ 2)+/2 ". (6/ 7/', $bW0 '*+ (6/ 8-&)*+/#2 

/B4"2/+ (" /B(/#*'& 8"*+)()"*2; G2 26":* "* <)3%#/ FY '? :6)(/ 8#-2('&2 :/#/ "72/#9/+ "* 

2",/ 4'#(2 ". (6/ 7/', 2)+/2? +/24)(/ (6/ 4#"(/8()"* '3')*2( 8'4)&&'#- '8()"*(&56/ +/9/&"4,/*( 

". 2%86 8#-2('&2? 8'&&/+ /..&"#/28/*8/? )2 C*":* )* S>D '*+ )2 #/&'()9/&- :/&& 8"*(#"&&/+; L* (6/ 

8'2/ ". 3/"4"&-,/#? (6/2/ 4'(86/2 ". /..&"#/28/*8/ '44/'#/+ (" 7/ &'#3/#? 4#"7'7&- 7/8'%2/ ". 

(6/ 6)36 2"+)%, 8"*(/*(? '2 (6/- :/#/ +%/ (" (6/ ."#,'()"* ". '&C'&) 8'#7"*'(/ )* (6/ 4"#/ 

2"&%()"* 8'%2/+ 7- 8'#7"*'()"* :)(6 '(,"246/#)8 8'#7"* +)"B)+/; D'4)&&'#)(- 8'%2/2 (6/ 

,)3#'()"* ". (6/2/ 8'#7"*'(/2 (" (6/ 2%#.'8/? (6/* (6/)# 8#-2('&&)2'()"* +%#)*3 (6/ /9'4"#'()"* 

". :'(/#; L( :'2 '&2" 2//* (6'( (6/ /..&"#/28/*8/ 8'%2/+ (6/ 7)*+/# 2%#.'8/ (" 7/8",/ +/('86/+? 

/B4"2)*3 (6/ '33#/3'(/2; L* (6/ 8'2/ ". (6/ 8-&)*+/# 26":* )* <)3%#/ FY 7? (6/ +/('86,/*( :'2 

/9/* ,"#/ 4#"*"%*8/+? 4#"7'7&- +%/ (" (6/ .'8( (6'( (6/ 8-&)*+/# :'2 *"( 4#"(/8(/+ .#", 

:'(/# 8'4)&&'#)(-; 
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 !"#$%&/1(#U0"2&6#14"!%;&$01,#18#$9!#"0-!"#18#&J#$9!#4!&/#&,-#4J#.O60,-!%#"$1%!-#12$"0-!E#

 

L* (6/ 8'2/ ". (6/ 7/', C/4( )*2)+/? '*+ (6/#/."#/ 4#"(/8(/+ .#", #')*? *" 2%#.'8/ +','3/ "# 

2)3*).)8'*( /..&"#/28/*8/ :'2 "72/#9/+; 56%2 /B4"2%#/ (" ' ,")2( '(,"246/#/ '*+ (" #')* 

:'(/# #/2%&(/+ )* ' 2)3*).)8'*( +%#'7)&)(- 4#"7&/, :6)86 :"%&+ #/R%)#/ ' 2(%+- ". (6/ 

46/*",/*"* ". 8'#7"*'()"* ". (6/ 3/"4"&-,/# ,'(#)B; 

&

56/ .'7#)8'()"* ". (:" 7/',2 (6#// ,/(#/2 &"*3 (6/#/."#/ 26":/+ (6/ 4"22)7)&)(- ". %2)*3 (6/ 

3/"4"&-,/# 7)*+/# &)C/ ' (#'+)()"*'& 6-+#'%&)8 7)*+/# ."# #/)*."#8/+ 2(#%8(%#/2; 56/ 6)36/# 

9)28"2)(- ". (6/ ,)B(%#/ )* (6/ .#/26 2('(/ :'2 *"(/+ 7%( :'2 *"( ' 4#"7&/, ."# (6/ 8'2()*3 ". 

(6/ 7/',2; L* 8"*(#'2(? (6/ :'(/# 8"*(/*( ". (6/ '33#/3'(/2 :'2 ."%*+ (" 6'9/ 3#/'( )*.&%/*8/ 

"* (6/ 8"*8#/(/ 2(#/*3(6; G 2)3*).)8'*( /..&"#/28/*8/ 4#"7&/, :'2 '&2" ."%*+? 6)36&)36()*3 ' 

+','3)*3 8'#7"*'()"* #/'8()"*; 

&

2. Geopolymer concretes having low binder/aggregate ratios 

2.1 Dry concrete at laboratory scale 

 

L* "#+/# (" '86)/9/ +#- 8"*8#/(/2 )* (6/ &'7"#'("#-? ' 6",/1,'+/ 9)7#"18",4'8()"* 2-2(/, 

:'2 %2/+ '*+ /)36( 8"*8#/(/2 :/#/ ,'+/ '88"#+)*3 (" (6/ ."#,%&'()"*2 ". 5'7&/ E :)(6 (6/ 

'33#/3'(/2 @; 56/ ',"%*( ". '33#/3'(/2 :'2 )*8#/'2/+ .#", [XA (" \WA )* ."#,%&'()"*2 +DW 

(" +DZ :)(6 (6/ 2',/ 3/"4"&-,/# 8",4"2)()"*; <"# +D^ '*+ +D[? (6/ ',"%*( ". '33#/3'(/2 

:'2 .)B/+ '( [\A '*+ (6/ ',"%*( ". :'(/# :'2 )*8#/'2/+; 56/ 8",4#/22)9/ 2(#/*3(6 :'2 

,/'2%#/+ ."# '&& (6/ ."#,%&'()"*2 '( 2/9/* +'-2 '*+ (6/ #/2%&(2 '#/ 4#/2/*(/+ )* 5'7&/ E '2 '* 

'9/#'3/ ". (6#// ,/'2%#/,/*(2;  56/ .)#2( "72/#9'()"* ,'+/ )* (6)2 2(%+- :'2 (6/ ./'2)7)&)(- ". 

+/,"%&+)*3 (6/ 8%7/2 ),,/+)'(/&- :)(6"%( +','3/? '2 26":* )* <)3%#/ FE '; V/3'#+)*3 (6/ 
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8",4#/22)9/ 2(#/*3(6? )( :'2 "72/#9/+ (6'(? %*&)C/ (6/ 4#/9)"%2 8"*8&%2)"*? )*8#/'2)*3 (6/ 

',"%*( ". '33#/3'(/2 )* (6/ 8"*8#/(/2 ,'#C/+&- +/8#/'2/+ (6/)# 2(#/*3(62 ."# ' 3)9/* 

3/"4"&-,/# ."#,%&'()"*; 

%

V*;.&%F7 <"#,%&'()"* ". 3/"4"&-,/# +#- 8"*8#/(/ '*+ 8",4#/22)9/ 2(#/*3(62 ,/'2%#/+ "* 8%7/2 $])SFaG&FSX M 
X;Z '*+ c'FSaG&FSX M _;\0; 

 
 

5" /9'&%'(/ (6/ 4/#."#,'*8/ ". 2%86 8"*8#/(/2? (6/ 9'&%/2 "7(')*/+ :/#/ 8",4'#/+ (" (6"2/ ". 

' 2),)&'# ."#,%&'()"* ,'+/ :)(6 S>D; D/,/*( 8"*8#/(/ 6'9)*3 2),)&'# 7)*+/#a'33#/3'(/ #'()"2 

)2 %2/+ )* 4#/8'2( 4&'*(2 (" ,'C/ ,'2"*#- %*)(2 $NT0; L* (6/ ]QGD 4&'*( $@'#)&6/2? <#'*8/0 

:6)86 2/&&2 8"*8#/(/ NT? (6/ 7&"8C2 8"*(')* \_A 7- ,'22 ". '33#/3'(/2? '*+ #/'86 2(#/*3(62 

". '#"%*+ W_ N>' '( F[ +'-2; 56/ '44&)8'7&/ 2('*+'#+ $Qc ^^W1X0 ),4"2/2 ' ,)*),%, 

8",4#/22)9/ 2(#/*3(6 ". Y N>'? 2" (6'( (6/ %*)( 8'* 7/ %2/+ ."# &"'+17/'#)*3 :'&&2; 56/ 9'&%/2 

"7(')*/+ ."# (6/ 3/"4"&-,/# +#- 8"*8#/(/2 (6/#/."#/ 26": (6'(? ". /)36( ."#,%&'()"*2? "*&- 

6'&. 6'+ 8",4#/22)9/ 2(#/*3(62 '7"9/ Y N>' '( ^ +'-2 '*+ "*&- (6/ .)#2( ."#,%&'()"* 26":/+ ' 

2(#/*3(6 8",4'#'7&/ (" (6'( ". S>D? 7%( ."# '* '33#/3'(/ 8"*(/*( ". [XA '*+ *"( \_A; 56%2? 

(6/ 3/"4"&-,/# 7)*+/# '44/'#2 (" 7/ &/22 /..)8)/*( (6'* S>D ."# ,'C)*3 +#- 8"*8#/(/; 

  

K":/9/#? ' 4#"7&/, ". 6","3/*/)(- :'2 "72/#9/+ 9)2%'&&- )* '&& 8%7/2 ". 8"*8#/(/; G2 8'* 7/ 

2//* )* <)3%#/ FE 7 '*+ 8? "*&- (6/ 2%4/#.)8)'& 4'#( ". (6/ 8%7/2 4#/2/*(/+ ' 8"*2"&)+'(/+ 

7)*+/# 6'9)*3 (6/ #)36( #)3)+)(- '*+ 8"&"%#; b/&": ' ./: ,)&&),/(#/2 +/4(6? (6/ 3/"4"&-,/# 

#/2/,7&/+ ' &)36( 4)*C 4":+/#? '2 ). )( :'2 (6/ )*)()'& ,/('C'"&)* (6'( 6'+ *"( #/'8(/+; 56)2 

:'2 (6/ .)#2( (),/ )* (6)2 2(%+- (6'( 2%86 ' 46/*",/*"* :'2 "72/#9/+ '*+ )( 8"%&+ *"( 7/ 

."#,'&&- /B4&')*/+; L( :'2 4"22)7&- +%/ (" ' &'8C ". 7)*+/# )* (6/ ,)B(%#/ #/2%&()*3 )* (6/ 

3/"4"&-,/#)2'()"* #/'8()"* *"( ('C)*3 4&'8/ "# +%/ (" (6/ 9)7#'()"*? :6)86 :"%&+ /*8"%#'3/ 

(6/ 3/"4"&-,/# 4'2(/ (" ,"9/ (":'#+2 (6/ /B(/#)"# ". (6/ 8%7/; 
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%%
 !"#$%&/'(#&J#@!1*16O/!%#-%O#.1,.%!$!#.24!"G#4J#-2%0,7#.J#&,-#&8$!%#4%!&L0,7E#

%

 

56)2 2%33/2(2 (6'( )( :'2 *"( 4"22)7&/ (" ,'C/ ' 4#"4/# 3/"4"&-,/# 8"*8#/(/ :)(6 ,"#/ (6'* 

[FA ". '33#/3'(/2; K":/9/# '2 (6/ 4#/8'2( 4&'*( )*.#'2(#%8(%#/2 '&&":/+ ,%86 6)36/# 

9)7#'()"* '*+ 8",4'8()"*? .%#(6/# (/2(2 :/#/ 8"*+%8(/+ 7/."#/ +/.)*)(/&- 8"*8&%+)*3 (6'( 

3/"4"&-,/# 8"%&+ *"( 7/ %2/+ '2 ' 7)*+/# )* +#- 8"*8#/(/; 

&

2.2 Dry concrete at industrial scale 

 

5" +/(/#,)*/ ). 3/"4"&-,/# 8"%&+ 7/ %2/+ '2 ' 7)*+/# ."# +#- 8"*8#/(/2? &'#3/ 28'&/ (/2()*3 

:'2 *//+/+; G2 4#/9)"%2&- ,/*()"*/+? (6/ 4#/8'2( 4&'*( )*2('&&'()"* '&&":/+ (6/ .'7#)8'()"* ". 

8/,/*( ,'2"*#- %*)(2 6'9)*3 \_A 7- ,'22 ". '33#/3'(/2 (6'*C2 (" 6)36 9)7#'()"* '*+ 

8",4'8()"*; 56)2 /R%)4,/*( :'2 %2/+ (" ,'C/ 3/"4"&-,/# +#- 8"*8#/(/2; 

56/ 3/"4"&-,/# 8"*8#/(/ ."#,%&'()"*2 :/#/ +/2)3*/+ (" 7/ '2 8&"2/ '2 4"22)7&/ (" (6/ 

."#,%&'()"* ". 7&"8C2 ,'+/ )* (6/ .'8("#-!  

 

 

 ,'1&)%GO!%

^&$!%[.!/!,$#%&$01#(E3#

 

 

Q==)&=*/&"%KO!%

'A5(#L7[/`#

1 '_F#L7[/`#18#.!/!,$##

1 '((#L7[/`#18# &$!%##

1 (E_5)#18#&-/0+$2%!##

H,1$#2"!-#0,#$9!#.&"!#18#7!1*16O/!%#.1,.%!$!"J#

#

1 V5(#L7[/`#18#(b_#&77%!7&$!"##

1 `((#L7[/`#18#(bV#&77%!7&$!"##

1 '_5(##L7[/`#18#_bF#&77%!7&$!"##
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<"%# 7'(86/2 ". EY_ O :/#/ ,'+/ )* (6/ 4#/8'2( 4&'*( :)(6 3/"4"&-,/# =>WY;E '*+ [^;^A (" 

\_;WA 7- ,'22 ". '33#/3'(/2 @; 56/ ."#,%&'()"*2 '*+ ,/86'*)8'& 2(#/*3(6 "7(')*/+ '( [ +'-2 

'#/ 26":* )* 5'7&/ Z; 56/2/ ."#,%&'()"*2 8"##/24"*+ (" (6/ ."#,%&'()"*2 DY (" DZ 4/#."#,/+ 

)* (6/ &'7"#'("#- :6)86 3'9/ 8",4#/22)9/ 2(#/*3(62 7/(://* W;Z '*+ Y;Y N>'; 

 

V*;.&%H7 <"#,%&'()"*2 '*+ ,/86'*)8'& 2(#/*3(62 ". 3/"4"&-,/# .%&& NT ,'+/ )* ]QGD i=%)#'%+ .#j#/2k 4#/8'2( 
4&'*(? _\WF_ @'#)&6/2? <#'*8/; 

 
 

56/ 4#/4'#'()"* :'2 8'##)/+ "%( '2 4#/2/*(/+ 4#/9)"%2&- 7- ,)B)*3 .)#2( (6/ '33#/3'(/2 '*+ (6/ 

,/('C'"&)* ."# "*/ ,)*%(/? '*+ (6/* '++)*3 (6/ 2)&)8'(/ 2"&%()"* +%#)*3 2()##)*3; G2 (6/ 

'33#/3'(/2 :/#/ 2("#/+ "%(2)+/? (6/)# :'(/# 8"*(/*( 6'+ (" 7/ 8"*2)+/#/+; <"#(%*'(/&-? (6/ 

',"%*( ". :'(/# 7#"%36( 7- (6/ '33#/3'(/2 */9/# /B8//+/+ (6/ Z;EA ". :'(/# #/R%)#/+ )* (6/ 

."#,%&'()"* ". (6/ 3/"4"&-,/# =>WY;E $2// 5'7&/ W0? (6%2 (6/ ',"%*( ". /B8/22 :'(/# *//+/+ 

."# =>WY;E :'2 *"( '++/+ )* (6/ ,)B/#; 56/ 4#/4'#'()"* ". EY_ O ". 3/"4"&-,/# 8"*8#/(/ 

4#/2/*(/+ *" 4#"7&/,2 $<)3%#/ FZ '0; 56/ .)*'& 8"*2)2(/*8- :'2 2),)&'# (" (6'( "7(')*/+ ."# '* 

S>D ."#,%&'()"* $<)3%#/ FZ 70; 

 

 
 !"#$%&/)(#&J#I0+0,7#18#$9!#@QIc'#81%/26&$01,G#4J#@QIc'#&8$!%#/0+0,7E#
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56/ 9)7#"18",4'8()"* +)+ *"( /B8//+ (6/ F_ 2/8"*+2 3/*/#'&&- %2/+ )* (6/ 4&'*( '*+ (6/ 

),,/+)'(/ #/&/'2/ :'2 4/#."#,/+? ."# .%&& '*+ ')# 7&'+/ %*)(2? :)(6"%( '*- +','3/? '2 8'* 7/ 

2//* "* (6/ 4)8(%#/2 ". <)3%#/ F^ ' '*+ 7; 

 
 !"#$%&/*(#@!1*16O/!%#Ic#&8$!%#0//!-0&$!#%!6!&"!#81%#&J#8266#&,-#4J#&0%#46&-!#2,0$"E#

 

G.(/# 7/)*3 2("#/+ )* (6/ :'#/6"%2/ ."# (6#// +'-2 $,')*(')*/+ )* :/( 8"*+)()"*20 (6/ 

3/"4"&-,/# %*)(2 :/#/ ,'*)4%&'(/+ :)(6"%( %*+/#3")*3 +','3/ '*+ :/#/ 4&'8/+ )* ',7)/*( 

8"*+)()"*2 %*()& (6/ 2(#/*3(6 (/2( '( [ +'-2; D"*8/#*)*3 (6/ 8",4#/22)9/ 2(#/*3(6 ,/'2%#/+? )( 

:'2 "72/#9/+ (6'(? ."# (6/ (:" .)#2( ."#,%&'()"*2? =>NTW '*+ =>NTF? (6/ /B'8( 8",4#/22)9/ 

2(#/*3(6 8"%&+ *"( 7/ ,/'2%#/+ '2 )( /B8//+/+ (6/ ,'B),%, &"'+ ". (6/ 4&'*( 4#/22 ". WW;E 

N>'; G 8",4#/22)9/ 2(#/*3(6 ". WWN>' :'2 "7(')*/+ ."# (6/ (6)#+ ."#,%&'()"* 6'9)*3 */'#&- 

\_A ". '33#/3'(/2? :6)86 :'2 2),)&'# (" (6'( ". '* S>D ,'2"*#- %*)( )*8"#4"#'()*3 (6/ 2',/ 

',"%*( ". '33#/3'(/2; 56/ &'2( ."#,%&'()"* 26":/+ ' &":/# 2(#/*3(6 ". \ N>'? :6)86 :'2 

*/9/#(6/&/22 :/&& '7"9/ (6/ Y N>' 2()4%&'(/+ )* (6/ 2('*+'#+; L* '++)()"* (" (6/ 8",4#/22)9/ 

2(#/*3(6 (/2(2? '&& (6/ 24/8),/*2 :/#/ 7#"C/* )* "#+/# (" '22/22 (6/ 6","3/*/)(- ". (6/ 7)*+/# 

)* (6/ ,)++&/ ". (6/ 7&"8C; L( 8'* 7/ 9/#).)/+ "* (6/ 4)8(%#/2 ". <)3%#/ F[ $' '*+ 70 (6'( (6/ 

+)2(#)7%()"* '*+ #)3)+)(- ". (6/ 3/"4"&-,/# 7)*+/# :/#/ 4/#./8( (6#"%36"%( (6/ 8"*8#/(/? 

%*&)C/ :6'( :'2 "72/#9/+ )* (6/ 4#/9)"%2 &'7"#'("#- (/2(2;  

 

 
 !"#$%&/+(#&J#@QIc'#8266#2,0$#&,-#&8$!%#4%!&L0,7#4J#14"!%;&$01,#18#$9!#0,"0-!#18#$9!#2,0$#&8$!%#4%!&L0,7E#
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L( 26"%&+ 7/ *"(/+ (6'( (6/ .)#2( ."#,%&'()"*? =>NTW? :'2 '&2" %2/+ (" ,'C/ ')# 7&'+/ %*)(2; L* 

(6)2 8'2/? '&(6"%36 (6/ ),,/+)'(/ #/&/'2/ "88%##/+ :)(6"%( 4#"7&/,2? 2",/ 7&"8C2 :/#/ 

+','3/+ +%#)*3 (6/ (#'*24"#( (" (6/ 2("#'3/ :'#/6"%2/; L*('8( %*)(2 :/#/ (/2(/+ )* 

8",4#/22)"* '*+ ' 2(#/*3(6 ". Y;EN>' :'2 ,/'2%#/+ '( [ +'-2; <"# (6/2/ 7&"8C2? ' 9/#- +#- 

'44/'#'*8/ :'2 "72/#9/+ )*2)+/ (6/ 8"*8#/(/? &)C/ (6/ 4#/9)"%2 "72/#9'()"* ,'+/ )* (6/ 

&'7"#'("#-; 56)2 3/"4"&-,/# ."#,%&'()"* +"/2 *"( 3)9/ ')# 7&'+/ ,'2"*#- %*)(2 '2 /..)8)/*( '2 

(6/ .%&& NT2? '*+ 2" :"%&+ #/R%)#/ '* "4(),)2'()"* 2(%+-; 

 

N"#/"9/#? (:" 2)3*).)8'*( '/2(6/()8 4#"7&/,2 :/#/ '&2" *"()8/+ "* (6/ 3/"4"&-,/# ,'2"*#- 

%*)(; <)#2(? ' &'#3/ ',"%*( ". /..&"#/28/*8/ :'2 "72/#9/+ "* (6/ 7&"8C 2%#.'8/2 26"#(&- '.(/# 

(6/ "%(2)+/ 2("#'3/; 56)2 (),/? (6/ /..&"#/28/*8/ '44/'#/+ .'2(/# '*+ :'2 &'#3/# (6'( "* (6/ 

7/',? '&,"2( 8",4&/(/&- 8"9/#)*3 (6/ 2%#.'8/ ". (6/ 7&"8C :)(6 :6)(/ 8#-2('&2 $<)3%#/ F\ '0; 

56)2 8#-2('&&)2'()"* '44/'#/+ "* '&& (6/ NT '*+ &'7"#'("#- 7&"8C2 '2 2""* '2 (6/ 24/8),/*2 

:/#/ ,")2(/*/+ $#')*:'(/#0; 56/2/ "72/#9'()"*2 #/8'&& (6/ ),4"#('*8/ ". /9'&%'()*3 (6/ 

8'#7"*'()"* #/'8()"* )* ' 3/"4"&-,/# ,'(#)B? :6)86 :)&& 7/ (#/'(/+ )* D6'4(/# LLL; 

 

 
 !"#$%&/,(#@QIc#8266#2,0$#*%!"!,$0,7#&J#!8861%!".!,.!"#&,-#4J#"2%8&.!#".&60,7E#

 

56/ /B4"2%#/ ". 3/"4"&-,/# +#- 8"*8#/(/ (" #')* :'(/# '&2" 8'%2/+ 2%#.'8/ 28'&)*3; 56)2 

46/*",/*"* :'2 *"()8/+ '.(/# ' ./: ,"*(62? :6/* (6/#/ :'2 '* )*8#/'2/ )* 4#/8)4)('()"*; 

O'(/#'& :'&&2 ". 2",/ NT &"2( (6/)# 2%4/#.)8)'& &'-/#2 ". 7)*+/# (6%2 #/2%&()*3? '2 2//* "* 

<)3%#/ F\ 7? )* :'&&2 "* :6)86 (6/ '33#/3'(/2 :/#/ /B4"2/+; 56)2 46/*",/*"*? #/2/,7&)*3 

28'&)*3 "# &/'86)*3? :'2 *"( '*()8)4'(/+? /24/8)'&&- '2 (6/ 7/', ,'+/ :)(6 (6/ 2',/ 7)*+/# 

'*+ '&2" 2("#/+ "%(+""#2 +)+ *"( 26": (6/2/ 2-,4(",2; 56)2 :"%&+ ),4&- (6'( (6/ 3/"4"&-,/# 

7)*+/# :'2 :/'C/#? /24/8)'&&- :)(6 #/24/8( (" :'(/#? :6/* 4#/2/*( )* ("" 2,'&& ' R%'*()(-;  
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K":/9/#? (6/ %2/ ". )*+%2(#)'& 4"#"%2 '33#/3'(/2 8"%&+ '&2" 7/ #/24"*2)7&/ ."# (6/ 4""#/# 

'+6/2)"* :)(6 (6/ 7)*+/#? #/2%&()*3 )* (6/ "72/#9/+ &/'86)*3; L* .'8(? (6/ #/2%&(2 ."%*+ /'#&)/#? 

6)36&)36()*3 (6/ 3""+ '+6/2)"* 7/(://* (6/ 7)*+/# '*+ (6/ '33#/3'(/2? :/#/ "7(')*/+ %2)*3 

:/&&18#-2('&&)2/+? *"*14"#"%2 2)&)8/"%2 '33#/3'(/2; ]" (6/ *'(%#/ ". (6/ '33#/3'(/2 ,'- 6'9/ 

6'+ ' +/(#),/*('& ),4'8( "* (6/ 7)*+/#1'33#/3'(/ )*(/#.'8/; 

 

56%2 (6)2 2(%+- "* (6/ ,'*%.'8(%#/ ". +#- 8"*8#/(/ 6'2 26":* (6'(? :)(6 '44#"4#)'(/ 

/R%)4,/*(? )( )2 4"22)7&/ (" ,'C/ ,'2"*#- %*)(2 2),)&'# (" (6"2/ ,'+/ :)(6 S>D; S*&- (6/ ')# 

7&'+/ 7&"8C2 .')&/+ (" '86)/9/ (6/ +/2)#/+ 4/#."#,'*8/ '*+ :"%&+ #/R%)#/ '* "4(),)2'()"* 

2(%+-; 56/ /..&"#/28/*8/ '*+ 28'&)*3 4#"7&/,2 6)36&)36(/+ (6/ */8/22)(- (" 2(%+- (6/ 

8'#7"*'()"* #/'8()"* '*+ (6/ )*.&%/*8/ ". (6/ *'(%#/ ". (6/ '33#/3'(/2 "* (6/ +%#'7)&)(- ". (6/ 

3/"4"&-,/#; 

 

2.3 Concrete incorporating bio-sourced aggregates  

 

56/ 4&'*( )* :6)86 (6/ 3/"4"&-,/# 8"*8#/(/ 7&"8C2 :/#/ ,'+/ 6'2 +)9/#2).)/+ )(2 4#"+%8( 

#'*3/ 7- ,'*%.'8(%#)*3 8"*8#/(/ )*8"#4"#'()*3 7)"12"%#8/+ '33#/3'(/2 ."# (6/ 4#"+%8()"* ". 

,'2"*#- %*)(2 :)(6 6)36 )*2%&'()*3 4"(/*()'&; 5" ,'C/ (6/ ,"2( /*9)#"*,/*('&&- .#)/*+&- 

4#"+%8(2? (6/- %2/ ' ."#,%&'()"* 7'2/+ "* ' &),/1,/('C'"&)* 7)*+/# ,)B(%#/ $N'3*)"*(? F_W_0 

:)(6"%( '*- >"#(&'*+ 8/,/*(; K":/9/#? (6/ %2/ ". (6)2 7)*+/# "*&- '&&":2 (6/ ,'*%.'8(%#/ ". 

.)&&)*3 ,'2"*#- %*)(2 7/8'%2/ (6/ Y N>' #/R%)#/+ ."# &"'+ 7/'#)*3 %*)(2 8'**"( 7/ '86)/9/+ 

:)(6"%( )*8"#4"#'()*3 2",/ DQN L; 5/2(2 :/#/ (6/#/."#/ 4/#."#,/+ (" '22/22 :6/(6/# (6/ 

3/"4"&-,/# 8"%&+ )*8#/'2/ (6/ 4/#."#,'*8/ ". (6/2/ 7)"12"%#8/+ 8"*8#/(/2 :)(6"%( (6/ *//+ 

(" '++ 8/,/*(; 5:" 8"*8#/(/2 )*8"#4"#'()*3 7)"12"%#8/+ '33#/3'(/2? 6/,4 '*+ :""+? :/#/ 

+/2)3*/+ '88"#+)*3 (" (6/ ."#,%&'()"* ,'+/ )* (6/ 4&'*( $5'7&/ ^0; 

 

56/ ,'2"*#- %*)(2 :/#/ ,'*%.'8(%#/+ )* (6/ 2',/ :'- '2 :)(6 ,)*/#'& '33#/3'(/? '*+ &/+ (" 

4#"4/# .%&& 7&"82 )*8"#4"#'()*3 6/,4 "# :""+ $<)3%#/ X_0? 7%( (6/ 6)36 9)28"2)(- ". (6/ 7)*+/# 

+)+ *"( '&&": ')# 7&'+/ 7&"8C2 (" 7/ ,'+/; 56/ 8",4#/22)9/ 2(#/*3(6 ". .%&& ,'2"*#- %*)(2 :'2 

(/2(/+ '( [ +'-2? '*+ (6/ #/2%&()*3 9'&%/ 4#/2/*(/+ )* 5'7&/ ^ 26":2 (6'( (6/- .')&/+ (" )*8#/'2/ 

(6/ 4/#."#,'*8/ (" Y N>'; 

% %
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V*;.&%J7 <"#,%&'()"*2 '*+ ,/86'*)8'& 2(#/*3(62 ". 3/"4"&-,/# NT ,'+/ :)(6 7)"12"%#8/+ '33#/3'(/2 )* ]QGD 
i=%)#'%+ .#j#/2k 4#/8'2( 4&'*(? _\WF_ @'#)&6/2? <#'*8/; 

 

 

@)2%'& "72/#9'()"*2 ". (6/ )*2)+/ ". (6/ 7&"8C2 '.(/# 7#/'C)*3 26":/+ 9/#- +)../#/*( 7/6'9)"%# 

". (6/ 7)*+/# '88"#+)*3 (" (6/ *'(%#/ ". (6/ 7)"12"%#8/+ '33#/3'(/2; K/,4 8"*8#/(/2 26":/+ ' 

6","3/*/"%2 +)2(#)7%()"* ". 6'#+/*/+ 3/"4"&-,/# 7)*+/#? '2 ."# ,)*/#'& '33#/3'(/2 7%(? )* 

8"*(#'2(? :""+ 8"*8#/(/ +)+ *"( 4#/2/*( 2%86 3""+ 8"*2"&)+'()"* ". (6/ 7)*+/#; 56/ 7&"8C2 

,'+/ :)(6 :""+ '33#/3'(/2 '&& 4#/2/*(/+ (6/ 2',/ (/B(%#/ '*+ '44/'#/+ (" 7/ ,'+/ %4 ". 

9/#- .#)'7&/ #/+1"#'*3/ 4":+/# '33&",/#'(/2; L( :"%&+ 2//, (6'( (6/ 3/"4"&-,/#)2'()"* 

#/'8()"* +)+ *"( ('C/ 4&'8/ 4#"4/#&-; c" &)(/#'(%#/ 8"%&+ 7/ ."%*+ "* (6/ 2%7U/8( 7%( (6/ 

4#"7&/, ,'- 6'9/ 8",/ .#", ' +/(#),/*('& )*(/#'8()"* ". (6/ 2%3'# 4#"9)+/+ 7- (6/ :""+ 

+%#)*3 (6/ 3/"4"&-,/# 3/& 46'2/; L* '++)()"*? 9/#- &'#3/ /..&"#/28/*8/ :'2 "72/#9/+ )* (6/ 

6/,4 '*+ :""+ %*)(2? 4#"7'7&- +%/ (" (6/ &'#3/ ',"%*( ". 7)*+/# )* (6/2/ 8"*8#/(/2; 

 

 
 !"#$%&0.(#@QIc#8266#2,0$#0,.1%*1%&$0,7#&J#9!/*#&,-#4J# 11-#&77%!7&$!"E#

 

e/24)(/ (6/2/ #/2%&(2? (6/ %2/ ". 3/"4"&-,/# '2 ' 7)*+/# ."# 7)"12"%#8/+ 8"*8#/(/ 8"%&+ 7/ '* 

)*(/#/2()*3 '44&)8'()"*? 7%( :"%&+ #/R%)#/ .%#(6/# 2(%+)/2 "* (6/ #': ,'(/#)'&2 '*+ (6/ 

."#,%&'()"*2;  
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The second part of this chapter has shown that the consistency classes used to determine 

the possible applications of traditional Portland cement are applicable to geopolymers, at 

least in the case of classical reinforced concrete structures and dry concrete for masonry 

units. No significant scale effects were observed and the use of geopolymer in an 

industrial environment was validated. Two issues related to the durability of geopolymer 

concrete structures were raised and will be the subject of studies in the next two chapters.  
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56/ 8%##/*( &)(/#'(%#/ (/*+2 (" 26": (6'(? +/24)(/ ' &'8C ". 2('*+'#+2? (6/ .'7#)8'()"* '*+ 

)*+%2(#)'&)2'()"* ". 3/"4"&-,/# 8"*8#/(/ '#/ 4"22)7&/ ."# ' :)+/ #'*3/ ". '44&)8'()"*2; 56/ 

#/2%&(2 "7(')*/+ '*+ 4#/2/*(/+ )* (6)2 86'4(/# 6'9/ &/+ (" 2),)&'# 8"*8&%2)"*2; 

56/ ."#,%&'()"* 2(%+- ". 3/"4"&-,/# 8"*8#/(/2 26":/+ (6'(? )* (6/ 4#/2/*8/ ". *"*14"#"%2 

2)&)8/"%2 '33#/3'(/2? (6/ ,/('C'"&)*17'2/+ 3/"4"&-,/# '8()9'(/+ 7- ' 2"+)%, 2)&)8'(/ 2"&%()"* 

:'2 '7&/ (" #/4&'8/ ' (#'+)()"*'& >"#(&'*+ 8/,/*(; 56/ #'*3/ ". 4"22)7&/ '44&)8'()"*2 :'2 

."%*+ (" 7/ '&,"2( '2 :)+/ '2 ."# (6/ S>D '88"#+)*3 (" (6/ 2&%,4 (/2(; e/24)(/ (6/ #/2%&(2 "* 

(6/ ("('& 4"#"2)(-? :6)86 '44/'#2 (" 7/ &'#3/# (6'* )* S>D 8"*8#/(/? (6/ 8",4#/22)9/ 2(#/*3(6 

8"%&+ #/'86 ,"#/ (6'* Z_ N>' )* ^ +'-2; L( :'2 '&2" 6)36&)36(/+ (6'(? %*&)C/ 8/,/*(? 

3/"4"&-,/# 8"*8#/(/ :"%&+ *"( 4#/2/*( L5d2 '( (6/)# 7)*+/#1'33#/3'(/ )*(/#.'8/2? '*+ (6'( (6/ 

2)H/ '*+ ',"%*( ". '33#/3'(/ :"%&+ 6'9/ ' */3&)3)7&/ /../8( "* (6/ 4/#."#,'*8/ ". (6/ 

8"*8#/(/; 

<%#(6/# (/2(2 26":/+ (6'( ,'C)*3 #/)*."#8/+ 7/',2 %2)*3 (6/ 2',/ 8"*2)2(/*8- 8&'22/2 '2 %2/+ 

:)(6 S>D 9'&)+'(/+ (6/ %2/ ". 3/"4"&-,/# 7)*+/# ."# (6)2 '44&)8'()"* +/24)(/ (6/ 6)36/# 

9)28"2)(- ". (6/ ,)B(%#/; T2)*3 ' 4#/8'2( 4&'*( )*2('&&'()"* '&&":/+ 3/"4"&-,/# ,'2"*#- %*)(2 

(" 7/ ,'+/? 26":)*3 (6'(? /9/* :)(6 ' 6)36 7)*+/#a'33#/3'(/ ,'22 #'()"? 3/"4"&-,/# 7)*+/# 

8'* &/'+ (" (6/ 2',/ 4/#."#,'*8/ &/9/&2 '2 8/,/*(; =/"4"&-,/# 8"*8#/(/ ,)B/+ )* 7'(86/2 ". 

W_ O? F__ O? "# W ,X 26":/+ 2),)&'# 7/6'9)"%#? +/,"*2(#'()*3 '* '72/*8/ ". 28'&/ /../8( ."# 

(6/2/ ,'(#)8/2? '*+ (6/ ./'2)7)&)(- ". %2)*3 (6/, )* '* )*+%2(#)'& 4&'*(; 

<)*'&&-? (6/2/ 2(%+)/2 6'9/ /,46'2)2/+ (6/ ),4"#('*8/ ". '22/22)*3 (6/ +%#'7)&)(- ". (6/2/ */: 

,'(/#)'&2 7/8'%2/ /9/* (6/ *"*1'33#/22)9/ 8"*+)()"*2 ."%*+ )* '* "#+)*'#- "%(2)+/ 

/*9)#"*,/*( :/#/ #/9/'&/+ (" 7/ +/(#),/*('& ."# (6/ '44/'#'*8/ ". (6/ 3/"4"&-,/# 8"*8#/(/2; 

56%2 (6/ *//+2 (" 2(%+- (6/ ,/86'*)2,2 ". 8'#7"*'()"* &/'+)*3 (" /..&"#/28/*8/? '*+ (6/ 

)*.&%/*8/ ". (6/ *'(%#/ ". (6/ '33#/3'(/2 %2/+ '( (6/ 7)*+/#a'33#/3'(/ )*(/#.'8/? 6'9/ 7//* 

*"(/+;  
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b'#"36/&1b"%*- @; /( '&;? $F__Y0 D"*8/4()"* +/2 7l("*2 4"%# %*/ +%#l/  +/  9)/  +"**l/  +/2  

"%9#'3/2?  N'm(#)2/  +/  &'  +%#'7)&)(l  9)21n19)2  +/ &' 8"##"2)"* +/2 '#,'(%#/2 /( +/ 

&o'&8'&) #l'8()"*; ?$&$# -!# 6d&%$# # !$# @20-!# *12%# 6&# /0"!# !,# e2;%!# -d2,!# &**%1.9!#

*!%81%/&,$0!66!##!$##*%f-0.$0;!##"2%##6&##4&"!##-d0,-0.&$!2%"##-!##-2%&4060$fE  G22"8)'()"* 

<#'*p')2/ +/ =l*)/ D)9)&; 

D'4#"2? >;? q"%9'#)('C)2? c;? N'*(H"2? O; $F__W0 Q8"*",)8 Q9'&%'()"* ". ]/8("#'& Q,)22)"* 

V/+%8()"* S7U/8()9/2 ."# D&),'(/ D6'*3/! 5"41+":* G*'&-2)2 ". =#//*6"%2/ ='2 

Q,)22)"* >"22)7)&)()/2 )* (6/ Q;T;? <1,$%042$01,# $1# &# D$2-O# 81%# g@# ?,;0%1,/!,$; 

Q%#"4/'* D",,)22)"*  

e/,)/? ];? c%#%++)*? N;<; '*+ ]6'.)R? c; $F_WX0 Q../8(2 ". ,)8#"12(#%8(%#/ 86'#'8(/#)2()82 ". 

)*(/#.'8)'& (#'*2)()"* H"*/ "* (6/ 8",4#/22)9/ 2(#/*3(6 ". 2/&.18",4'8()*3 3/"4"&-,/# 

8"*8#/(/; <1,"$%2.$01,# &,-# \206-0,7# I&$!%0&6"E YW! \W1\[; eSL! 

W_;W_WZaU;8"*7%)&+,'(;F_WF;WW;_Z^; 

e%B2"* >;? >#"9)2? r; O;? O%C/-? =; D;?  @'* e/9/*(/#? r;];r; $F__^70? 56/ #"&/ ". )*"#3'*)8 

4"&-,/# (/86*"&"3- )* (6/ +/9/&"4,/*( ". s3#//* 8"*8#/(/o; <!/!,$# &,-# <1,.%!$!#

]!"!&%.9? X^$WF0! WE\_1WE\^; eSL! W_;W_WZaU;8/,8"*#/2;F__^;_[;_W[; 

K'7/#(? =;? +oQ24)*"2/ +/ O'8')&&/#)/? r;b;? V"%22/&? c; $F_WW0 G* /*9)#"*,/*('& /9'&%'()"* 

". 3/"4"&-,/# 7'2/+ 8"*8#/(/ 4#"+%8()"*! #/9)/:)*3 8%##/*( #/2/'#86 (#/*+2; h12%,&6#18#

<6!&,!%#Q%1-2.$01,? W\$WW0! WFF\1WFX[; eSL! W_;W_WZaU;U8&/4#";F_WW;_X;_WF; 

r"6*2"*? =;? ="%#&/-? =; $F__E0 e/9/&"4,/*(2 )* 3/"4"&-,/# 4#/8'2( 8"*8#/(/; @!1*16O/!%:#

@%!!,#<9!/0"$%O#&,-#D2"$&0,&46!#g!;!61**!/!,$#D162$01,? =; L*2()(%/? 44; WX\1WYX; 

O//? `;q;`; '*+ @'* e/9/*(/# r;];r; $F__Y0 56/ )*(/#.'8/ 7/(://* *'(%#'& 2)&)8/"%2 

'33#/3'(/2 '*+ 3/"4"&-,/#2; <!/!,$# &,-# <1,.%!$!# ]!"!&%.9; XY$F0! W\E1F_Z; eSL! 

W_;W_WZa]___[1[[YZ$_X0__FE_1X; 

N'3*)"*(? D;? $F_W_0 D"*(#)7%()"* n &' ."#,%&'()"* /( n &' 8'#'8(l#)2'()"* +t%* l8",'(l#)'% +/ 

8"*2(#%8()"* n 7'2/ +t'3#"#/22"%#8/2; T*)9/#2)(l +/ 5"%&"%2/? 5"%&"%2/ XY_ $>6e $)* 

<#/*8600; 

N8O/&&'*? b; D;? `)&&)',2? V; >;? O'-? r;? @'* V)/22/*? G;? D"#+/#? =; e; $F_WW0 D"2(2 '*+ 

8'#7"* /,)22)"*2 ."# 3/"4"&-,/# 4'2(/2 )* 8",4'#)2"* (" "#+)*'#- 4"#(&'*+ 8/,/*(; 

h12%,&6#18#<6!&,!%#Q%1-2.$01,? W\$\uW_0!W_[_1W_\_ 
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>'86/8"15"#3'&? <;? D'2(#"1=",/2 r; '*+  r'&'&)? ]; $F__^0 L*9/2()3'()"*2 '7"%( (6/ /../8( ". 

'33#/3'(/2 "* 2(#/*3(6 '*+ ,)8#"2(#%8(%#/ ". 3/"4"&-,/#)8 ,)*/ :'2(/ ,%+ 7)*+/#2; 

<!/!,$#&,-#<1,.%!$!#]!"!&%.9; X^$Z0! \XX1\YW; 

>'&","? G;? q#)9/*C"? >;? ='#8)'1O"+/)#"? L;? q'9'&/#"9'? Q;? N'&(2/9'? S;? </#*v*+/H1

r),l*/H? G; $F_WY0 G #/9)/: "* '&C'&)*/ '8()9'()"*! */: '*'&-()8'& 4/#24/8()9/2; 

I&$!%0&6!"#-!#<1,"$%2..0i,? ZY$XWE0; eSL! W_;X\[\a,8;F_WY;__XWY 

]'C%&)86? G; V; $F_WW0 V/)*."#8/+ 3/"4"&-,/# 8",4"2)(/2 ."# /*6'*8/+ ,'(/#)'& 3#//**/22 

'*+ +%#'7)&)(-? D2"$&0,&46!#<0$0!"#&,-#D1.0!$O? W$Y0! W\E1FW_;  

@'* e/9/*(/#? r;];r;? ]'* c)8"&'2? V;? L2,')&? L;? b/#*'&? G; ];? b#)8/? e; =;? >#"9)2? r; O; 

$F_WY0 N)8#"2(#%8(%#/ '*+ +%#'7)&)(- ". '&C'&)1'8()9'(/+ ,'(/#)'&2 '2 C/- 4'#',/(/#2 ."# 

2('*+'#+)H'()"*? h12%,&6# 18# D2"$&0,&46!# <!/!,$b\&"!-# I&$!%0&6"? eSL! 

W_;W_[_aFWZE_X^X;F_WY;\^\FZE 

 

 

 

#

#



 

- 135 - 
 

%

%

%

Chapter III. 

Carbonation of metakaolin-based 

geopolymer 

 

 

 



Chapter III. Carbonation of metakaolin-based geopolymer  

 

- 136 - 
 

V*;.&%08%20'/&'/"%
L; L*(#"+%8()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WX^ 

LL; D'#7"*'()"* ". '&C'&)1'8()9'(/+ ,'(/#)'&2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WX[ 

G7%3*);0'*/,0'%,'%-T3%7777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777%G?I 

W;W D'#7"*'()"* #/'8()"*2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WX[ 

W;F D"*2/R%/*8/2 ". 8'#7"*'()"* ."# S>D ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WX\ 

W;X ]('*+'#+2 '*+ (/2( ,/(6"+2 ."# 8"*(#"& '*+ 4#/9/*()"* ". 8'#7"*'()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WY_ 

D7%3*);0'*/,0'%08%=&050.>$&)%77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777%GCD 

F;W >#"+%8( ". 8'#7"*'()"* #/'8()"* )* GGN 2-2(/,2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WYF 

F;F D'#7"*'()"* ". 3/"4"&-,/# ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WYY 

F;X Q..&"#/28/*8/ )* 3/"4"&-,/# ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WYZ 

LLL; N'(/#)'&2 '*+ N/(6"+2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WE_ 

G7%T)&5*)*/,0'%08%"*$5.&"%*'1%2#)&%20'1,/,0'"%77777777777777777777777777777777777777777777777777777777777777%GFO 

D7%V&"/%$&/401"%77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777%GFO 

F;W QB(#'8()"* ". (6/ 4"#/ 2"&%()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WE_ 

F;F D6/,)8'& '*'&-2)2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WEW 

F;X D'4)&&'#- #)2/ (/2( ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WEY 

L@; D'#7"*'()"* ". (6/ 4"#/ 2"&%()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WEE 

G7%340,2&%08%/4&%&95&),$&'/*.%*55)0*24%7777777777777777777777777777777777777777777777777777777777777777777777777%GFF 

D7%6'8.#&'2&%08%/4&%2*);0'*/,0'%0'%/4&%50)&%"0.#/,0'%5:%7777777777777777777777777777777777777777777777%GFJ 

F;W; 4K /9"&%()"* )* /*+"3/*"%2 8"*+)()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WE^ 

F;F; 4K /9"&%()"* )* *'(%#'& 8"*+)()"*2;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WE\ 

?7%Q'*.>","%08%2*);0'*/&"%08%/4&%50)&%"0.#/,0'"%77777777777777777777777777777777777777777777777777777777777777%GHO 

X;W; <5LV '*'&-2)2 ". (6/ 8'#7"*'(/2 ."#,/+ %*+/# *'(%#'& 8"*+)()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WZ_ 

X;F; 5)(#'()"* ". 8'#7"*'(/2 :)(6 6-+#"86&"#)8 '8)+ ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WZF 

X;X; L*.&%/*8/ ". '88/&/#'(/+ (/2( 8"*+)()"*2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WZY 

C7%6$5*2/%08%2*);0'*/,0'%0'%/4&%1#)*;,.,/>%08%=&050.>$&)%7777777777777777777777777777777777777777777%GHF 

Y;W; S* (6/ ,/86'*)8'& 2(#/*3(6 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WZE 

Y;F; V)2C ". 8"##"2)"* 7- 8'#7"*'()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; WZZ 

Y;X; <'(/ ". (6/ '&C'&) 8'#7"*'(/2 ."#,/+ ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W^F 

@; Q..&"#/28/*8/ ". ,/('C'"&)*17'2/+ 3/"4"&-,/# ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W^Y 

G7%34*)*2/&),"*/,0'%08%&88.0)&"2&'2&%77777777777777777777777777777777777777777777777777777777777777777777777777777777%GJC 

W;W; L* *'(%#'& DSF /*9)#"*,/*( ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W^Y 

W;F; L* 6)36 DSF /*9)#"*,/*( ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W^Z 

D7%-;"&)L*/,0'%08%/4&%&88.0)&"2&'2&%=)0A/4%77777777777777777777777777777777777777777777777777777777777777777777%GJJ 

F;W; >#)*8)4&/ ". 8'4)&&'#- #)2/ (/2( ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W^^ 

F;F; Q..&"#/28/*8/ C)*/()82 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W^[ 

F;X; >'#',/(/#2 )*.&%/*8)*3 /..&"#/28/*8/ 3#":(6 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W[_ 

F;Y; 5/2( ". /..&"#/28/*8/ #/+%8)*3 '3/*(2 $QVG0 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W[X 

@L; D"*8&%2)"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W[^ 

V/./#/*8/2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W[\ 
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67%6'/)01#2/,0'%

 

56/ 8'#7"*'()"* ". >"#(&'*+ 8/,/*( 4'2(/2 )2 C*":* (" 7/ ' 2&": #/'8()"* &/'+)*3 (" (6/ 

."#,'()"* ". )*2"&%7&/ 8'&8)%, 8'#7"*'(/ +//4/# '*+ +//4/# )* (6/ 2(#%8(%#/; 56/ 8"*2/R%/*8/ 

". (6)2 8'#7"*'()"* )2 ' 3#'+%'& +/8#/'2/ )* (6/ 4K ". (6/ 4"#/ 2"&%()"*; 56/ 4K 8'* #/'86 ' 

9'&%/ &":/# (6'* \? :6)86 )2 (6/ &),)( 9'&%/ ."# (6/ +/4'22)9'()"* ". 2(//& )* 8"*8#/(/? '*+ 8'* 

(6%2 8'%2/ 8"##"2)"* 7- 8'#7"*'()"*; L* '++)()"*? (6/ +)22"&%()"* ". DSF )* (6/ 4"#/ 2"&%()"* 

8"%&+ &/'+ (" 8'#7"*'(/2 ."#,'()"* '*+ 8'%2/ /..&"#/28/*8/ $:6)(/ 8#-2('&2 '44/'#)*3 "* (6/ 

2%#.'8/0; ](%+)/2 ". 8'#7"*'()"* '#/ %2%'&&- 4/#."#,/+ )* '88/&/#'(/+ 8"*+)()"*2 $'(,"246/#/ 

:)(6 ' 6)36/# 8"*8/*(#'()"* ". DSF0 '*+ (6/ 8'#7"*'()"* .#"*( )2 ."&&":/+ 7- ,/'*2 ". ' 

8"&"%#/+ )*+)8'("# $46/*"&46(6'&/)*0; L* 3/"4"&-,/# 7'2/+ "* ,/('C'"&)* 6'9)*3 ' 9/#- &": 

8'&8)%, 8"*(/*(? +)22"&9/+ DSF #/'8(2 :)(6 (6/ '7%*+'*( '&C'&)2 )* (6/ 4"#/ 2"&%()"* (" ."#, 

'&C'&)18'#7"*'(/2; <"# 3/"4"&-,/# '8()9'(/+ 7- 2"+)%, 2)&)8'(/? )( 6'2 7//* 26":* $b'C6'#/9 

/( '&;? F__Ww b/#*'& /( '&;? F_W_w D#)'+" /( '&;? F__Ew b/#*'& /( '&;? F_WF0 (6'( 2"+)%, 

8'#7"*'(/2 '#/ ."#,/+ 7%( (6/ 6)36 2"&%7)&)(- ". (6/2/ 8'#7"*'(/2 '*+ (6/)# 4K 3#/'(/# (6'* W_ 

,'- ,'C/ (6/ %2/ ". /B)2()*3 2('*+'#+ (/2(2 %*2%)('7&/; L* '++)()"*? )( 6'2 7//* 2%33/2(/+ (6'( 

'88/&/#'(/+ (/2(2 '#/ *"( #/4#/2/*('()9/ ". (6/ #/'8()"* ('C)*3 4&'8/ )* *'(%#'& 8"*+)()"*2? '*+ 

,'- #/2%&( )* (6/ ."#,'()"* ". 2"+)%, 7)8'#7"*'(/ $b/#*'& /( '&? F_WF0; 

56)2 2(%+- '),2 (" /9'&%'(/ (6/ 7/6'9)"%# ". ,/('C'"&)*17'2/+ 3/"4"&-,/# 4'2(/2 '8()9'(/+ 

7- 2"+)%, 2)&)8'(/ )* (6/ 4#/2/*8/ ". DSF $*'(%#'& '*+ '88/&/#'(/+ 8"*+)()"*20 (" '22/22 (6/ 

4"(/*()'& #)2C2 ". +%#'7)&)(- '22"8)'(/+ :)(6 (6)2 #/'8()"*; G .)#2( 4'#( :'2 (6/#/."#/ +/+)8'(/+ 

(" (6/ 2(%+- ". (6/ 4"#/ 2"&%()"* )* "#+/# (" )+/*().- (6/ 4#"+%8(2 ". (6/ #/'8()"*? +/(/#,)*/ (6/ 

),4'8( ". (6)2 #/'8()"* "* (6/ 4K? '*+ '22/22 (6/ #/2%&()*3 #)2C ". (6)2 #/'8()"* 7- %2)*3 

)*.#'#/+ 24/8(#"28"4- '*+ 86/,)8'& ()(#'()"*2; L* (6)2 2/8()"*? (6/ #/&/9'*8/ ". (6/ /B)2()*3 

(/2(2 2('*+'#+)2/+ ."# 8/,/*()()"%2 ,'(#)8/2 :)&& '&2" 7/ '22/22/+; 56/* ' 2(%+- ". 2"+)%, 

8'#7"*'(/ )* (6/ ."#, ". 8#-2('&2 $/..&"#/28/*8/0? 8'##)/+ "%( )* "#+/# (" 86'#'8(/#)2/ (6/ 

8",4"%*+2 ."#,/+ '*+ (" +/(/#,)*/ (6/ 4'#',/(/#2 )*.&%/*8)*3 (6/)# 3#":(6? :)&& 7/ 

+/28#)7/+; 

 

>'#(2 ". (6/ #/2%&(2 "7(')*/+ )* (6)2 2(%+- 6'9/ &/+ (" ' 4%7&)8'()"* '*+ '* "#'& 8",,%*)8'()"* 

)* '* )*(/#*'()"*'& D"*3#/22! Q129!$:# ]E:# &,-# <O%:# IE# H_('VJE# D$2-0!"# 18# S&$2%&6# &,-#

B..!6!%&$!-# <&%41,&$01,# 0,# I!$&L&160,b\&"!-# @!1*16O/!%E# R,# B-;&,.!"# 0,# D.0!,.!# &,-#

j!.9,1617O#HU16E#A_:#**E#`3bV`JE  
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667%3*);0'*/,0'%08%*.<*.,@*2/,L*/&1%$*/&),*."%

 

56/ #/'8()"* "88%##)*3 7/(://* 8'#7"* +)"B)+/ .#", (6/ ')# '*+ (6/ 8/,/*( ,'(#)B )2 8'&&/+ 

8'#7"*'()"*; L( )2 "*/ ". (6/ ,"2( 6'#,.%& +/3#'+'()"* 4#"8/22/2 '*+ 8'* +#'2()8'&&- '../8( (6/ 

&"*31(/#, +%#'7)&)(- ". 8)9)& )*.#'2(#%8(%#/2 $K"772? F__W? =&'22/# /( '&;?  F__[0; 56/ #/'8()"* 

,/86'*)2,2 '*+ (6/ 8"*2/R%/*8/2 ". (6)2 #/'8()"* "* 8/,/*( 2(#%8(%#/2 '#/ :)+/&- C*":* '*+ 

,'*- 2('*+'#+)2/+ (/2(2 /B)2( (" '22/22 (6/ C)*/()82 '*+ (6/ ),4'8( ". (6)2 #/'8()"*; G.(/# ' 

+/28#)4()"* ". (6/ 8'#7"*'()"* 46/*",/*' )* (6/ 8/,/*( ,'(#)B? ' #/9)/: ". /B)2()*3 &)(/#'(%#/ 

"* (6/ 8'#7"*'()"* #/'8()"* '*+ 8"*2/R%/*8/2 "88%##)*3 )* '&C'&)1'8()9'(/+ ,'(/#)'&2 :)&& 7/ 

4#/2/*(/+; 

1. Carbonation in OPC 

1.1 Carbonation reactions 

 

56/ 8'#7"* +)"B)+/ $DSF0 ". (6/ ')#? )* 3'2/"%2 ."#,? 8'* 4/*/(#'(/ 8"*8#/(/ (6#"%36 (6/ 

4"#"%2 */(:"#C "# 8#'8C2; L* (6/ 4#/2/*8/ ". :'(/#? (6)2 3'2 )2 +)&%(/+ '*+ ."#,2 8'#7"*'(/ )* 

2"&%()"*? '88"#+)*3 (" (6/ ."&&":)*3 #/'8()"* $S&&)9)/# '*+  @)86"(?  F__[0! 

 

CO2 + H2O ↔ H2CO3  

H2CO3 + H2O ↔ HCO3
- + H3O+ 

HCO3
- + H2O ↔ CO3

2- + H3O+ 

(1) 

(2) 

(3) 

 

56/ ,')* #/'8()"* "88%##)*3 )* 8/,/*( 4"#/ 2"&%()"* '.(/# (6)2 8'#7"*'(/ ."#,'()"* )2 (6/ 

8"*9/#2)"* ". (6/ 8/,/*( 6-+#'()"* 4#"+%8(2? 4'#()8%&'#&- 8'&8)%, 6-+#"B)+/ D'$SK0F? )*(" 

)*2"&%7&/ 8'&8)%, 8'#7"*'(/ $QR%'()"* Y0 $T2+":2C)? W\[F '*+ D":)/ /( =&'22/#? W\\F0; 

K":/9/#? )( 26"%&+ 7/ *"(/+ (6'( (6/ '&C'&)2 $c'SK? qSK0 4#/2/*( )* 2,'&& ',"%*(2 )* (6/ 

8/,/*( 4"#/ 2"&%()"* ,'- '&2" 7/ 8'#7"*'(/+ $QR%'()"*2 E '*+ Z0; 

 

H2CO3 + Ca(OH)2 ↔ CaCO3 + 2H2O 

H2CO3 + 2KOH → K2CO3 + 2H2O  

H2CO3 + 2NaOH → Na2CO3 + 2H2O  

(4)  

(5) 

(6) 
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56/ 4#/2/*8/ ". '&C'&) 8'#7"*'(/ )* 2"&%()"* )2 C*":* (" )*8#/'2/ (6/ 2"&%7)&)(- ". 8'&8)%, 

6-+#"B)+/? '2 4#/2/*(/+ )* QR%'()"*2 ^ '*+ [? :6)86 ,'- (6/* 7/ 8'#7"*'(/+ )* &'#3/# 

R%'*()()/2! 

 

K2CO3 + Ca(OH)2  → CaCO3 + 2KOH 

Na2CO3 + Ca(OH)2  → CaCO3 + 2KOH   

(7) 

(8) 

 

1.2 Consequences of carbonation for OPC 

 

56/ ,"2( +','3)*3 8"*2/R%/*8/ ". (6/ 8'#7"*'()"* ". 8"*8#/(/ )2 +%/ (" (6/ #/'8()"* 

4#/2/*(/+ )* QR%'()"* Y '*+ 8"##/24"*+2 (" (6/ +)22"&%()"* ". (6/ 4"#(&'*+)(/; >"#(&'*+)(/ 

8"*2()(%(/2 (6/ ,"2( 2)3*).)8'*( 6-+#"B)+/ $SK10 2%44&- ". (6/ 8/,/*( 4'2(/? ,')*(')*)*3 ' 

6)36 4K ". WF;E? 2" (6/ 8"*2%,4()"* ". (6)2 6-+#'(/ :)&& &/'+ (" ' #/+%8()"* ". (6/ 4K ". (6/ 

4"#/ 2"&%()"*? 4"22)7&- (" ' 9'&%/ %*+/# \; 56)2 &": 4K :)&& 6'9/ ' ,'U"# ),4'8( )* (6/ 8'2/ ". 

#/)*."#8/+ 2(#%8(%#/2 7/8'%2/? '( (6)2 7'2)8)(- $4K P \0? (6/ #/)*."#8/,/*( 2(//& &"2/2 )(2 

4'22)9'()"* &'-/# $>"%#7')B? ^Y0? '*+ 8'* (6/* 8"##"+/; S*8/ (6/ 8"##"2)"* ". (6/ 

#/)*."#8/,/*( 6'2 2('#(/+? &"8'&)2/+ $<)3%#/ W0 "# 3/*/#'&)2/+ 7%#2()*3 ,'- #/2%&(; 

 

  
 !"#$%&-(#?+&/*6!#18#.&%41,&$01,#1,#&#4206-0,7#8&.&-!#H8%1/#9$$*W[[   E.!/!,$E1%7J#

 

D'#7"*'()"* )* (6/ 8/,/*()()"%2 2-2(/, ,'- '&2" 7/ #/24"*2)7&/ ."# (6/ '44/'#'*8/ ". 

/..&"#/28/*8/; Q..&"#/28/*8/ )2 (6/ 3#":(6 ". 2'&( 8#-2('&2 "* ' 2%#.'8/? 8'%2/+ 7- (6/ 

/9'4"#'()"* ". 2'&(1&'+/* :'(/#; L* 7%)&+)*3 ,'(/#)'&2? /..&"#/28/*8/ #/./#2 (" ' +/4"2)(? 

%2%'&&- :6)(/? (6'( "88'2)"*'&&- +/9/&"42 "* (6/ 2%#.'8/ ". (6/ ,'(/#)'&2 $<)3%#/ F0; 56)2 

46/*",/*"* )2 3/*/#'&&- 6'#,&/22 '*+ ,'- "*&- 7/ '* '/2(6/()8 4#"7&/, 7%(? )* 2",/ 8'2/2? 

/B8/22)9/ /..&"#/28/*8/ 8'* 8'%2/ /B4'*2)"* )* #/3)"*2 8&"2/ (" (6/ 2%#.'8/ '*+ ,'- .)*'&&- 

+)2#%4( (6/ ,'(/#)'& 2%#.'8/ $G&&'69/#+) /( '&;? F_WY0; 



Chapter III. Carbonation of metakaolin-based geopolymer  

 

- 140 - 
 

56/ ,/86'*)2, ". /..&"#/28/*8/ ."#,'()"* 8'* 7/ +/28#)7/+ 7- 86/,)8'& '*+ 46-2)8'& 

4#"8/22/2 )*9"&9)*3! 4#/2/*8/ ". +)22"&9/+ 8'&8)%, '*+ 8'#7"*'(/? 4#/2/*8/ ". :'(/#? 

8'4)&&'#- '8()"*? 6-+#"2('()8 4#/22%#/? '*+ /9'4"#'()"*; L* >"#(&'*+18/,/*(17'2/+ ,'(/#)'&2? )( 

,')*&- 8"*2)2(2 ". 8'&8)%, 8'#7"*'(/ ."#,/+ '2 26":* )* QR%'()"* Y; L* .'8(? (6/ 2"&%7&/ 

8'&8)%, 6-+#"B)+/ ". (6/ 4"#/ 2"&%()"* ,)3#'(/2 (" (6/ 8"*8#/(/ 2%#.'8/? /)(6/# '.(/# 6'9)*3 

'&#/'+- 7//* +)22"&9/+ )* (6/ ,)B)*3 :'(/# ". (6/ .#/26 8"*8#/(/2 "# :6/* (6/ 6'#+/*/+ 

8"*8#/(/ )2 /B4"2/+ (" (6/ /../8( ". #')* "# +/:; S*8/ (6/ 8"*8#/(/ 2%#.'8/ )2 #/'86/+? (6/ 

8'&8)%, 6-+#"B)+/ #/'8(2 :)(6 8'#7"* +)"B)+/ )* (6/ ')# (" ."#, :'(/#1)*2"&%7&/ 8'&8)%, 

8'#7"*'(/ $q#/22/? W\[\w b/*2(/+ F___w c"#2%H')&)*' /( '&? F_WX0;  

 

 
 !"#$%&/(#R662"$%&$01,#18#!8861%!".!,.!#1,#.1,.%!$!# &66#H8%1/#9$$*W[[   E.1,.%!$!E1%7J#

 

1.3 Standards and test methods for control and prevention of carbonation  

 

56/  #/&'()9/&-  &":  8"*8/*(#'()"*  ".  DSF  )*  (6/  '(,"246/#/  $_;_X  u  _;_YA0  ,'C/2  

8'#7"*'()"* ' 2&": 4#"8/22 )* +/*2/? 86/,)8'&&- 2('7&/ 8/,/*()()"%2 ,'(/#)'&2; 56)2 6'2 &/+ (" 

(6/ +/9/&"4,/*( ". '88/&/#'(/+ (/2()*3 ,/(6"+2 /B4"2)*3 (6/ ,'(/#)'& (" 6)36 DSF 

8"*8/*(#'()"*2? .#", _;WA (" E_A (" )*+%8/ .'2(/# 8'#7"*'()"*; G2 8'#7"*'()"* )* ' 

8/,/*()()"%2 ,'(#)B &/'+2 (" ' +/8#/'2/ )* 4K? (6/ 4#"4'3'()"* ". (6/ #/'8()"* )2 "72/#9/+ )* 

(6/ 8"*8#/(/ %2)*3 ' 8"&"%#/+ )*+)8'("#? 46/*"&46(6'&/)*? :6)86 )2 4)*C %*+/# 7'2)8 8"*+)()"*2 

$4K x \0 '*+ )2 8"&"%#&/22 7/&": (6)2 9'&%/; 56%2? :6/* (6/ 8"*8#/(/ )2 /B4"2/+ (" (6)2 

)*+)8'("# (6/ 8'#7"*'(/+ H"*/ $P\0 '*+ (6/ *"*18'#7"*'(/+ H"*/ $x\0 8'* 7/ /'2)&- 

+)2()*3%)26/+? '2 26":* )* <)3%#/ X; 56/ &),)( 7/(://* (6/2/ (:" 8"&"%#2 )2 8'&&/+ (6/ 

8'#7"*'()"* .#"*( '*+ )(2 ,/'2%#/,/*( "9/# (),/ 4#"9)+/2 ' C)*/()82 ". 8'#7"*'()"* ".(/* %2/+ 

)* (6/ 2(%+- ". (6/ #/2)2('*8/ ". 8"*8#/(/ (" DSF; 
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 !"#$%&0(#?+&/*6!#18#*9!,16*9$9&6!0,#$!"$#"91 0,7#$9!#.&%41,&$!-#HkJ#&,-#,1,b.&%41,&$!-#HYJ#l1,!"#18#$9!#

.1,.%!$!#HC%1/#\!%,&6#!$#&6E:#_(''J#
 

56/ 2%,,'#- ". '88/&/#'(/+ (/2( ,/(6"+2 4#/2/*(/+ "* 5'7&/ W :'2 ,'+/ 7- b/#*'& $F_WY0; 

L* (6/2/ (/2(2? (6/ '(,"246/#/ )2 '&:'-2 '#().)8)'&&- 8"*8/*(#'(/+ )* 8'#7"* +)"B)+/ $.#", _;WA 

(" E_A0 '*+ (6/ )*+)8'("# %2/+ )2 '&:'-2 46/*"&46(6'&/)*? 7%( (6/ #/4#"+%8)7)&)(- '*+ (6/ 

#/4/'('7)&)(- ". (6/ #/2%&(2 "7(')*/+ 7- ."&&":)*3 +)../#/*( '88/&/#'(/+ 8'#7"*'()"* 4#"("8"&2 

6'2 7//* 2(#"*3&- R%/2()"*/+ $]'*U%'* /( '&;?  F__X0; c/9/#(6/&/22? (6/2/ (/2(2 '22/22)*3 (6/ 

C)*/()82 ". 8'#7"*'()"* '#/ %2/+ (" 8",4'#/ '*+ "4(),)2/ 8"*8#/(/ ."#,%&'()"*2; 

 

V*;.&%G7 ]%,,'#- ". '88/&/#'(/+ (/2( ,/(6"+2 $.#", b/#*'&? F_WY0
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 V/3'#+)*3 (6/ /..&"#/28/*8/ 46/*",/*"*? )( )2 *"( 4"22)7&/ (" ("('&&- /&),)*'(/ /..&"#/28/*8/ 

."#,'()"* )* 8/,/*(17'2/+ ,'(/#)'&2 7%( &"*31(/#, /B4/#),/*(2 "* 8'&8)%,17'2/+ 6-+#'(/+ 

4#"+%8(2 6'9/ &/+ (" #/8",,/*+'()"*2 ."# #/+%8)*3 )(2 '44/'#'*8/ $G&&'69/#+) /( '&? F_WY0!  

1 N)*),)2/ .#// 2"&%7&/ 2'&(2 .#", #': ,'(/#)'&2 

1 N)*),)2/ 8"*8#/(/ 4/#,/'7)&)(- 

1 G9")+ (6/ /B4"2%#/ ". 8"*8#/(/ (" %*/9/* ,")2(%#/ 8"*+)()"*2 

 

N'*- /..&"#/28/*8/ 8"*(#"& '+,)B(%#/2 6'9/ '&2" 7//* +/9/&"4/+ ."# 8/,/*( 8"*8#/(/ 

2-2(/,2; 56/- 8&"2/ (6/ 4"#/2 (" 4#/9/*( /..&"#/28/*8/ ,)3#'()"* (" (6/ 2%#.'8/ "# U%2( (" &),)( 

)(2 '44/'#'*8/; 

 

2. Carbonation of geopolymer 

 

56/#/ '#/ ' &),)(/+ *%,7/# ". 4%7&)26/+ 2(%+)/2 /9'&%'()*3 8'#7"*'()"* ". '&C'&)1'8()9'(/+ 

,'(/#)'&2? '*+ .'# ./:/# :/#/ ."%*+ "* &": 8'&8)%, 8"*(/*( 2-2(/,2; L* ' .)#2( 2(/4? "%# 2%#9/- 

."8%2/+ "* (6/ #/'8()"* 4#"+%8( "7(')*/+ 7- *'(%#'& '*+ '88/&/#'(/+ 8'#7"*'()"* )* '* '&C'&)1

'8()9'(/+ 2-2(/,; G #/9)/: ". (6/ '#()8&/2 ."%*+ (6'( +)28%22 (6/ 8'#7"*'()"* ". ' 3/"4"&-,/# 

2-2(/, )2 4#/2/*(/+ 7/&":; <)*'&&-? 2(%+)/2 '++#/22)*3 (6/ 4#"7&/,2 ". /..&"#/28/*8/ )* 

3/"4"&-,/# '#/ )*9/2()3'(/+; 

 

2.1 Product of carbonation reaction in AAM systems 

 

L* (6/ 8'#7"*'()"* ". 2&'3 '8()9'(/+ 7- 2"+)%, 6-+#"B)+/ "# 2)&)8'(/? (6/ #/'8()"* 4#"+%8( 

"7(')*/+ )2 ,')*&- 8'&8)%, '*+ 2"+)%, 8'#7"*'(/2? ."#,/+ '88"#+)*3 (" QR%'()"*2 Y '*+ Z 

$>'&'8)"2 '*+ >%/#('2? F__Zw b/#*'& /( '&;? F_W_0; >'&'8)"2 '*+ >%/#('2 $F__Z0 )+/*().)/+ 

8'&8)%, 8'#7"*'(/ 4"&-,"#462? 8'&8)(/? 9'(/#)(/ '*+ '#'3"*)(/? '2 (6/ ,')* 8#-2('&&)*/ 

'88/&/#'(/+ 8'#7"*'()"* 4#"+%8(2 ". (6/2/ 2)&)8'(/1'8()9'(/+ 2&'3 7)*+/#2; b/#*'& /( '&; $F_W_0 

"*&- ."%*+ 8'&8)(/ '2 (6/ 8'&8)%, 8'#7"*'(/ 4"&-,"#46 ."#,/+ 7- 8'#7"*'()"*; 56/ 

+)../#/*8/2 )* (6/ 8'#7"*'()"* 4#"+%8(2 ."#,/+ )* (6/2/ ,'(/#)'&2 '#/ ,')*&- '((#)7%('7&/ (" (6/ 

/B4"2%#/ 8"*+)()"*2 %2/+ )* /'86 2(%+-! V;K; ,')*(')*/+ '( YX;FA )* ' qFDSX 2"&%()"* ."# 

>'&'8)"2 '*+ >%/#('2? '*+ XA ". DSF '( F_JD '*+ ZEA V;K; ."# b/#*'& /( '&; 
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56/2/ +)../#/*8/2 )* (6/ '88/&/#'(/+ 8"*+)()"*2 '&2" &/+ (" (6/ ."#,'()"* ". +)../#/*( #/'8()"* 

4#"+%8(2? '2 (6/ .)#2( 2(%+- ."%*+ 2"+)%, 8'#7"*'(/ )* (6/ ."#, ". *'(#"* $c'FDSXyW_KFS0? 

:6)&/ b/#*'& /( '&; )+/*().)/+ (#"*' $c'X$DSX0$KDSX0yFKFS0; D"*8/#*)*3 (6/2/ (:" 2"+)%, 

8'#7"*'(/2? b/#*'& /( '&; $F_WF? F_WX0 ."%*+ (6'(? %*+/# '(,"246/#)8 DSF 8"*8/*(#'()"*2? (6/ 

."#,'()"* ". *'(#"* $c'FDSXyW_KFS0 :'2 .'9"%#/+ :6)&/? %*+/# '88/&/#'(/+ 8'#7"*'()"* 

(/2()*3 8"*+)()"*2 $DSF 8"*8/*(#'()"*2 7/(://* WA '*+ W__A0? (6/ ."#,'()"* ". *'68"&)(/ 

$c'KDSX0 4#/9')&/+ $<)3%#/ Y0; 56/2/ '%(6"#2 '&2" 26":/+ (6'( (6/ ."#,'()"* ". (#"*' :'2 

.'9"%#/+ "9/# *'(#"* :6/* (6/ (/,4/#'(%#/ ". /B4"2%#/ )*8#/'2/+ 2&)36(&-? :6'(/9/# (6/ DSF 

8"*8/*(#'()"*;  

56/ '%(6"#2 '&2" 2('(/+ (6'( ,"+).)8'()"*2 ".  (6/  8'#7"*'(/$*'(#"*0a7)8'#7"*'(/$(#"*'0  46'2/ 

/R%)&)7#)%, .'9"%#)*3 (6/ ."#,'()"* ". 7)8'#7"*'(/2 :"%&+ &/'+ (" ' ,"#/ *"('7&/ +/8#/'2/ )* 

4K? 7- '2 ,%86 '2 F 4K %*)(2 $b/#*'& /( '&;? F_WF0; 

 

 

 !"#$%&1(#Q9&"!#-0&7%&/#&"#&#82,.$01,#18#
$!/*!%&$2%!#&,-#7&"#*9&"!#<Z_#
.1,.!,$%&$01,#81%#$9!#
S&_<Z`mS&N<Z`m<Z_mN_Z#"O"$!/#
0,#&,#&0%#&$/1"*9!%!#&$#&/40!,$#*%!""2%!E#
HC%1/#\!%,&6#!$#&6E:#_('_J#
 

L* ' #/8/*( 2(%+- $b/#*'& /( '&;? F_WX0? 6%*()(/ $N3XD'$DSX0Y0 :'2 '&2" "72/#9/+ '2 '* 

'88/&/#'(/+ 8'#7"*'()"* 4#"+%8( +/#)9/+ .#", (6/ +/3#'+'()"* ". 6-+#"('&8)(/ $"*/ ". (6/ 

2/8"*+'#- 4#"+%8(2 )* '&C'&)1'8()9'(/+ 2&'3 7)*+/#0 )* (6/ 4#/2/*8/ ". 6)36 DSF 

8"*8/*(#'()"*2; 
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2.2 Carbonation of geopolymer 

 

56/ &'#3/2( *%,7/# ". 4%7&)26/+ 2(%+)/2 "* (6/ 8'#7"*'()"* ". '&C'&)1'8()9'(/+ 2-2(/,2 

8"*8/#* 2&'32? '*+ (6/- 2//, (" 7/ )* 3/*/#'& '3#//,/*( (6'( (6/2/ ,'(/#)'&2 '#/ ,"#/ 

2%28/4()7&/ (" 8'#7"*'()"* (6'* 8"*9/*()"*'& >"#(&'*+ 8/,/*(2 $b/#*'&? F_WY0; c" #/./#/*8/2 

:/#/ ."%*+ "* (6/ 8'#7"*'()"* ". 4%#/ ,/('C'"&)*17'2/+ 3/"4"&-,/# 7%( (:" #/8/*( 2(%+)/2 

$F__E '*+ F_WY0 ."8%2)*3 "* .&- '26 7'2/+ 3/"4"&-,/# 6'9)*3 ' &": 8'&8)%, 8"*(/*( 3'9/ 

)*."#,'()"* "* (6/ 8'#7"*'()"* ". (6/2/ 2-2(/,2; 

 

<)#2(? )* F__E? D#)'+" /( '&; $F__E0 '22/22/+ (6/ /../8( ". (6/ 8%#)*3 8"*+)()"*2 "* (6/ 

8'#7"*'()"* 4#"+%8(2 ". 8&'22 < .&- '26 3/"4"&-,/# $8'&8)%, 8"*(/*( F;YYA0; 56/ 

3/"4"&-,/#2 ."#,%&'(/+ )* (6)2 2(%+- :/#/ ,'+/ :)(6 2"+)%, 6-+#"B)+/ "# 2)&)8'(/? '*+ ' 

i2"&%()"*a'26k #'()" ". _;Y? '*+ '&& (6/ 24/8),/*2 :/#/ (6/* 6/'(/+ '( [EJD ."# 9'#)'7&/ 

&/*3(62 ". (),/; 5:" (/2(2 ,/(6"+2 :/#/ (#)/+? "*/ /B4"2)*3 (6/ 24/8),/*2 (" 8'#7"*'()"* '( 

/'#&- '3/ '*+ (6/ "(6/# 4#/9/*()*3 (6/)# 8'#7"*'()"*; zVe '*+ LV5< :/#/ %2/+ ."# 

,)*/#'&"3)8'& 86'#'8(/#)2'()"* )* (6)2 2(%+-? '*+ )"* 86#",'("3#'46- :'2 %2/+ (" +/(/#,)*/ 

(6/ 2"&%7&/ 2"+)%, 8"*(/*(; <"# (6)2 ,/'2%#/,/*(? (6/ 2"+)%, :'2 4#/9)"%2&- /B(#'8(/+ .#", 

(6/ ,'(/#)'&2 7- ),,/#2)"* )* +/)"*)2/+ :'(/# '.(/# 6'9)*3 %*+/#3"*/ 9'8%%, +#-)*3; 56/ 

+/3#// ". #/'8()"* :'2 '&2" ,/'2%#/+ '88"#+)*3 (" (6/ 4#"8/+%#/ 4%7&)26/+ 7- =#'*)H" /( '&; 

$F__F0; 

T2)*3 zVe? (6/- )+/*().)/+ (6'(? :6/* (6/ .&- '26 :'2 '8()9'(/+ :)(6 2"+)%, 6-+#"B)+/? 

6/#286/&)(/ $."#, ". H/"&)(/ 6'9)*3 c'G&])FSZ? XKFS ."#,%&'()"*0 :'2 ."#,/+? 7%( :6/* ' 

2"+)%, 2)&)8'(/ :'2 %2/+? 2"+)%, 7)8'#7"*'(/ '44/'#/+ :)(6"%( '*- 6/#286/&)(/; N"#/"9/#? 

."# (6/ :6"&/ +%#'()"* ". (6/#,'& (#/'(,/*( $E? WF? F_ 6 "# ^ +'-20 '*+ :6'(/9/# (6/ (-4/ ". 

'&C'&) '8()9'()*3 2"&%()"* %2/+ $6-+#"B)+/ "# 2)&)8'(/0? '&& (6/ L<5V 24/8(#' 26":/+ '* )*(/*2/ 

7'*+ )* (6/ WYE_ 8,1W #/3)"*? 86'#'8(/#)2()8 ". '&C'&) 8'#7"*'(/2; L( 26"%&+ 7/ *"(/+ (6'( (6/ 

4#/2/*8/ ". 2"+)%, 7)8'#7"*'(/ '*+ *"( 2"+)%, 8'#7"*'(/ :'2 )* '3#//,/*( :)(6 (6/ c'FDSX 

1 c'KDSX 1 DSF 1 KFS +)'3#', $<)3%#/ Y0 4#/2/*(/+ 7- b/#*'& /( '&; $F_WF0 '*+ :"%&+ 7/ 

+%/ (" (6/ 6/'( (#/'(,/*(;  

G88"#+)*3 (" (6/ '%(6"#2? 8'#7"*'()"* "88%##/+ 9/#- #'4)+&- +%#)*3 (6/ /'#&- 2('3/2 ". (6/ 

4#"8/22 :6/* (6/ ,'(/#)'& :'2 )* 8"*('8( :)(6 (6/ '(,"246/#/; 56)2 .'2( 8'#7"*'()"*? )*+%8)*3 

(6/ ."#,'()"* ". 2"+)%, 7)8'#7"*'(/? :"%&+ &/'+ (" ' +/8#/'2/ ". 4K '*+ (6/#/."#/ ' &/22 

/..)8)/*( '8()9'()"* ". (6/ '26/2; 56)2 )*)()'& 8'#7"*'()"* 4#"8/22 8'* 7/ '9")+/+ 7- 2),4&- 

8"*(#"&&)*3 (6/ /*9)#"*,/*('& 8%#)*3 #/3),/ $6)36 #/&'()9/ 6%,)+)(-0; 
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N"#/ #/8/*(&-? b'+'# /( '&; $F_WY0 6'9/ 2(%+)/+ (6/ 8"##"2)"* ". 2(//& 7'#2 )*+%8/+ 7- 

'88/&/#'(/+ 8'#7"*'()"* )* &": '*+ 6)36 8'&8)%, .&- '26 3/"4"&-,/# 8"*8#/(/2; L* (6)2 2(%+-? 

(6#// .&- '26/2? '&& 8&'22 < '88"#+)*3 (" G]5N D ZW[? :/#/ %2/+ '2 ,')* 4#/8%#2"#2 ."# (6/ 

4#"+%8()"* ". 3/"4"&-,/# 8"*8#/(/2; 56/2/ .&- '26/2 8"*(')*/+ W;\^A? EA '*+ WF;\XA ". 

8'&8)%,; 56/ .&- '26 2-2(/,2 :/#/ '8()9'(/+ :)(6 ' 7&/*+ ". 8",,/#8)'& 2"+)%, 2)&)8'(/ '*+ 

WY N ". 2"+)%, 6-+#"B)+/; D-&)*+#)8'& #/)*."#8/+ 8"*8#/(/ 24/8),/*2 WE 8, )* 6/)36( 7- ^ 

8, )* +)',/(/#? :/#/ 8'2( '*+ 8%#/+ '( [_JD ."# ^F 6; G 2)*3&/ 8'#7"* 2(//& +/."#,/+ #/7'#? 

X__ ,, )* &/*3(6 '*+ Z ,, )* +)',/(/#? :'2 2'*+ 7&'2(/+ '*+ 4&'8/+ '( (6/ 8/*(#/ ". /'86 

8-&)*+#)8'& ,"%&+ 4#)"# (" 8'2()*3 ". (6/ 8"*8#/(/; 56/ 8"*8#/(/2 :/#/ (6/* 4&'8/+ )* 

'88/&/#'(/+ 8'#7"*'()"* 8"*+)()"*2 '( FYJD? ZEA V;K; '*+ EA ". DSF; D"*(#"& 2',4&/2 :/#/ 

'&2" ,'+/ '*+ 2("#/+ %*+/# (6/ 2',/ (/,4/#'(%#/ '*+ 6%,)+)(- 8"*+)()"*2 7%( :)(6 

'(,"246/#)8 DSF 8"*(/*(; 56/2/ 2',4&/2 :/#/ %2/+ '2 f*"*18'#7"*'(/+f #/./#/*8/2 +/24)(/ 

(6/ 4"22)7&/ *'(%#'& 8'#7"*'()"*; 56/ 8'#7"*'()"* +/4(6 ". (6/ 3/"4"&-,/# 8"*8#/(/2 '.(/# YE_ 

+'-2 ". DSF /B4"2%#/ :'2 /9'&%'(/+ %2)*3 (:" 4K )*+)8'("#2! 46/*"&46(6'&/)* $4%#4&/a4)*C (" 

8"&"%#&/22 '( 4K W_ (" [;X0 '*+ '&)H'#)* -/&&": V $#/+ (" -/&&": '( 4K WF (" W_;W0; L*+)#/8( 

(/*2)&/ 2(#/*3(6 ,/'2%#/,/*( $G]5N D Y\Z1\Z0? 4"#/ 2(#%8(%#/ 86'#'8(/#)2'()"* $7- ,/#8%#- 

)*(#%2)"* 4"#"2),/(#-0? zVe '*'&-2)2 '*+ ,/'2%#/,/*( ". 8"##"2)"* 4"(/*()'& $G]5N D[^Z0 

:/#/ '&2" 4/#."#,/+ "* (6/ 2',4&/2 '*+ 8"*(#"&;  

L( :'2 ."%*+ (6'(? ."# '&& (6/ 8"*8#/(/ ."#,%&'()"*2? '88/&/#'(/+ 8'#7"*'()"* &/+ (" ' 

#/,'#C'7&/ +/8#/'2/ )* (6/ 4K? ' #/+%8()"* )* (6/ ,/86'*)8'& 2(#/*3(6 4#"4/#()/2? '*+ '* 

)*8#/'2/ )* (6/ ("('& 4"#"2)(-; 56/ +#"4 )* 4K? )* 7"(6 &":1D' '*+ 6)36/#1D' .&- '26 

3/"4"&-,/#2 $<)3%#/ E0? :'2 '22"8)'(/+ :)(6 (6/ 8'#7"*'()"* ". (6/ 4"#/ 2"&%()"*? '2 2"+)%, 

8'#7"*'(/2 :/#/ "72/#9/+ '2 (6/ ,')* #/'8()"* 4#"+%8(2 ."#,/+ )* 24/8),/*2 /B4"2/+ (" EA 

". DSF; 

 
 !"#$%&'(#Q91$17%&*9"#18#7!1*16O/!%#.1,.%!$!#*%1-2.!-# 0$9#86O#&"9!"#9&;0,7#HBJ#'EAXn:#H\J#5n#&,-#H<J#
'_EA`n#18#<&Z:#"*%&O!-# 0$9#$9!#*9!,16*9$9&6!0,#0,-0.&$1%#&8$!%#V5(#-&O"#18#<Z_#!+*1"2%!#HC%1/#\&%-&%#!$#&6E:#
_('VJE#
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Q&/8(#"86/,)8'& (/2()*3 26":/+ (6'(? %4 (" F__ +'-2? (6/ 6)36 '&C'&)*)(- ". (6/ 2-2(/, 

4#","(/+ (6/ 4'22)9'()"* ". (6/ 2(//& #/7'# %*+/# *'(%#'& DSF 8"*(/*( 7%( 2//,/+ (" &/'+ (" ' 

8"##"2)"* 4#"8/22 '.(/# (6'(; 56/ #/2%&(2 )* '88/&/#'(/+ 8"*+)()"*2 :/#/ )*8"*8&%2)9/; G ,%86 

7/((/# #/2)2('*8/ (" 8"##"2)"* ."# (6/ 3/"4"&-,/# ,'+/ :)(6 &":18'&8)%, 8"*(/*( :'2 '&2" 

*"(/+; 

56/ '%(6"#2 8"*8&%+/+ (6)2 2(%+- 7- 2('()*3 (6'( &":1D' 8&'22 < .&- '26/2 :/#/ ,"#/ 2%)('7&/ 

(6'* (6"2/ 8"*(')*)*3 6)36/# &/9/&2 ". D' ."# (6/ 4#"+%8()"* ". 2(//&1#/)*."#8/+ 3/"4"&-,/# 

8"*8#/(/ .#", ' +%#'7)&)(- 4")*( ". 9)/:? '2 (6/ 86/,)8'& '*+ 46-2)8'& 4#"4/#()/2 ". (6/2/ 

,'(/#)'&2 2//,/+ (" #/+%8/ (6/ #)2C ". 8"##"2)"* )* (6/ 2(//& #/)*."#8/,/*(; 

2.3 Efflorescence in geopolymer 

 

O)C/ (6"2/ "* 8'#7"*'()"*? 4%7&)26/+ 2(%+)/2 '22/22)*3 /..&"#/28/*8/ 4#"7&/,2 )* 3/"4"&-,/# 

'#/ &),)(/+? '&(6"%36 (6/2/ ,'(/#)'&2 6'9/ 26":* ' 6)36/# (/*+/*8- (" /..&"#/28/*8/ ."#,'()"* 

(6'* S>D? ,')*&- +%/ (" (6/ ."&&":)*3 86'#'8(/#)2()82 $G&&'69/#+) /( '&;? F_WY0! 

 

1 S4/* ,)8#"2(#%8(%#/ #/2%&()*3 )* 6)36/# 4/#,/'7)&)(- ${C9v#' /( '&;? F__\0; 

1 K)36 '&C'&) 8"*8/*(#'()"* )* (6/ 4"#/ 2"&%()"* $O&"-+ /( '&;? F_W_0; 

1 `/'C 7)*+)*3 4#"4/#(- ". 2"+)%, 8'()"*2 )* (6/ '&%,)*"2)&)8'(/ .#',/:"#C 

$]HC&"#H"9v /( '&;? F__[w b"#(*"92C- /( '&;? F__[w {C9v#' /( '&;? F_WF0; 

 

G&&'69/#+) /( '&; 6'9/ 2(%+)/+ '*+ 8",4'#/+ (6/ /..&"#/28/*8/ )* '&C'&)1'8()9'(/+ *'(%#'& 

4"HH"&'* '*+ 2&'3 2-2(/,2 $F__[? F_W_? '*+ F_WW0; L* '&& (6/)# 2(%+)/2? (6/- 8"*+%8(/+ (6/ 

2',/ (/2( )* "#+/# (" 8",4'#/ (6/ /..&"#/28/*8/ ."#,/+! '.(/# F[ +'-2 ". 8%#)*3? ' FBFBF 8, 

8%7/ :'2 4&'8/+ )* E_ ,O ". :'(/# '*+ C/4( )* '* "4/*1')# '(,"246/#/ '( FEJD %*()& 8",4&/(/ 

/9'4"#'()"* ". (6/ :'(/#; V/3'#+)*3 (6/ *'(%#'& 4"HH"&'* 3/"4"&-,/#2 '*+ 7'2/+ "* 

R%'&)('()9/ 8",4'#)2"* $/;3; <)3%#/ Z0? (6/- 26":/+ (6'( (6/ ',"%*( ". /..&"#/28/*8/ ."#,/+ 

+)+ *"( +/4/*+ "* (6/ c'FS 8"*8/*(#'()"* '&"*/? '&(6"%36 )( :'2 (6/ ,"2( *"('7&/ .'8("#? 7%( 

(6'( (6/ 2)&)8' ,"+%&%2 ". (6/ '&C'&) '8()9'("# '*+ (6/ :'(/#a7)*+/# #'()" '&2" 6'+ '* )*.&%/*8/ 

"* (6/ /..&"#/28/*8/ $G&&'69/#+) /( '&;? F__[0; 56/- '&2" 8"*8&%+/+ )* (6)2 2(%+- (6'( (6/ 6)36 

8",4#/22)9/ 2(#/*3(6 '86)/9'7&/ :)(6 6)36 c'FS 8"*8/*(#'()"* +)+ *"( */8/22'#)&- )*+)8'(/ 

2"%*+*/22 '*+ +%#'7)&)(-; 

>'86/8"15"#3'& '*+ r'&'&) #/'86/+ (6/ 2',/ 8"*8&%2)"* )* (6/)# 2(%+- 8"*8/#*)*3 (6/ )*.&%/*8/ 

". 2"+)%, 8'#7"*'(/ '++)()"* "* (6/ (6/#,'& #/'8()9)(- ". (%*32(/* ,)*/1:'2(/ ,%+17'2/+ 
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7)*+/#2; 56/- ."%*+ (6'( (6/ 2',4&/2 (6'( 4#/2/*(/+ (6/ 6)36/2( 8",4#/22)9/ 2(#/*3(6 :/#/ 

'&2" (6"2/ (6'( &/+ (" ,%86 3#/'(/# /..&"#/28/*8/; 56)2 ,/'*2 (6'( /9/* '* /'#&- 6)36 

8",4#/22)9/ 2(#/*3(6 +"/2 *"( '&:'-2 )*+)8'(/ ' 2('7&/ 2(#%8(%#/ ."#,'()"* $>'86/8"15"#3'& 

'*+ r'&'&)? F_W_0; 56/ 2',/ 4#"8/+%#/ '44&)/+ (" '&C'&)1'8()9'(/+ 2&'32 &/+ (" (6/ 8"*8&%2)"* 

(6'(? 7/&": XA ". 2"+)%, "B)+/ 7- :/)36( ". 2&'3? 24/8),/*2 26":/+ ' 2&)36( (" ,"+/#'(/ 

(/*+/*8- (" /..&"#/28/*8/ 7%(? '7"9/ Y;EAw ' 2/9/#/ #)2C ". /..&"#/28/*8/ :'2 /B4/8(/+ 

$G&&'69/#+) /( '&;? F_W_0; 56/- .)*'&&- 2(%+)/+ (6/ )*.&%/*8/ ". (6/ )*8"#4"#'()"* ". 2&'3 )* ' 

3/"4"&-,/# 7'2/+ "* *'(%#'& 4"HH"&'*2 '*+ 26":/+ (6'(? )* (6/ "4(),'& ',"%*(? (6)2 

)*8"#4"#'()"* 8"%&+ #/+%8/ (6/ ."#,'()"* ". /..&"#/28/*8/? :)(6"%( */8/22'#)&- ),4#"9)*3 (6/ 

8",4#/22)9/ 2(#/*3(6 $G&&'69/#+) /( '&;? F_WW0; 56/- (6%2 #/'86/+ '* "4(),'& ."#,%&'()"* )* 

(/#,2 ". /..&"#/28/*8/ '*+ 8",4#/22)9/ 2(#/*3(6 $XZ N>'0 7- ,)B)*3 E :(;A ". 7&'2(1.%#*'8/ 

2&'32 '*+ [ :(;A ". c'FS :)(6 ' :a8 #'()" ". _;X; 

 

%

 !"#$%&)(#S&$2%&6#*1ll16&,#7!1*16O/!%"#!+9040$0,7#H8%1/#6!8$JW#,1:#"6079$:#&,-#"!;!%!#!8861%!".!,.!#H8%1/#
B66&9;!%-0#!$#&6E:#_((3JE#

 

{C9v#' /( '&; 6'9/ ."8%2/+ (6/)# :"#C "* (6/ 7"*+ 7/(://* '&C'&) '*+ 3/"4"&-,/# .#',/:"#C 

7'2/+ "* &":18'&8)%, 7#":* 8"'& .&- '26 "# ,/('C'"&)* ${C9v#' /( '&; F__\? F_WF0; L* (6/)# 

.)#2( 2(%+-? (6/- '22/22/+ (6/ ),4'8( ". (/,4/#'(%#/? .#", F_JD (" W___JD? "* (6/ 7)*+/# 

2%28/4()7)&)(- (" /B6)7)( /..&"#/28/*8/? '*+ ."%*+ (6'( (6/ (/*+/*8- ."# /..&"#/28/*8/ ."#,'()"* 

+/8&)*/+ 2%72('*()'&&- :6/* (6/ ,'(/#)'& :'2 .)#/+ '( (/,4/#'(%#/2 6)36/# (6'* Z__JD ${C9v#' 

/( '&;? F__\0; b'2/+ "* FXc' cNV NG] 24/8(#'& '*'&-2)2? (6/- /B4&')*/+ (6)2 46/*",/*"* 7- 

2'-)*3 (6'( )* 3/"4"&-,/#? (6/ '&C'&)2 '#/ 7"*+/+ (" G& )* '* ])1S1G& 86')* 2(#%8(%#/ )* (6/ 

."#, ". c'?q$KFS0*
| #'(6/# (6'* '2 c'| '*+ q|; L* (6)2 ."#,? (6/ 7"*+ :)(6 (6/ '&%,)*)%, )2 

:/'C/# (6'* (6/ +)#/8( 7"*+ ". c'|? :6)86 :"%&+ /B4&')* (6/ /'2/ :)(6 :6)86 '&C'&) )2 &/'86/+ 

"%( ". (6/ '&C'&)1'8()9'(/+ 7)*+/# '*+ (6%2 (6/ ."#,'()"* ". /..&"#/28/*8/; ]" ' 6/'( (#/'(,/*( 

'( ,"#/ (6'* Z__JD :"%&+ '&&": (6/ /&),)*'()"* ". (6/ #/2)+%'& :'(/# '#"%*+ (6/ '&C'&)? '*+ 

:"%&+ 4#","(/ (6/ ."#,'()"* ". '&C'&) ,/('& 7"*+2;  
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L* (6/)# ,"2( #/8/*( 2(%+- 4%7&)26/+ )* F_WF? (6/- 8'##)/+ "%( ' 2/#)/2 ". &"*31(/#, &/'86)*3 

/B4/#),/*(2 "* '&C'&)1'8()9'(/+ .&- '26 '*+ ,/('C'"&)* )* +/)"*)2/+ :'(/# ${C9v#' /( '&;? 

F_WF0; b- 8",4'#)*3 (6/ #/2%&(2 "7(')*/+ $8",4#/22)9/ 2(#/*3(6? cNV NG]? ]QN '*+ 

&/'86)*3 ,"+/&&)*30 ."# &/'86/+ '*+ %*&/'86/+ 24/8),/*2? (6/- 8"*8&%+/+ (6'( (6/ '&C'&) 

8"%&+ 7/ 2),4&- #/,"9/+ .#", (6/ ,'(/#)'& :)(6"%( '../8()*3 (6/ 3/& 2(#%8(%#/ '*+ :)(6"%( 

'*- 2)3*).)8'*( &"22 )* 2(#/*3(6; G88"#+)*3 (" (6/ '%(6"#? (6/ ,')* #"&/ ". (6/ '&C'&)2 )2 (" 

8#/'(/ ' 2(#"*3&- 7'2)8 /*9)#"*,/*( ."# (6/ +)22"&%()"* ". (6/ '&%,)*"2)&)8'(/ 4#/8%#2"#2 '*+? 

'.(/# 3/& ."#,'()"*? (6/- #/,')* )* (6/ *'*"2(#%8(%#/ ". $c'?q01G1]1K '2 %**/8/22'#- &"'+1

7/'#)*3 #/,*'*(2 .#", (6/ '8()9'()*3 2"&%()"*; T2)*3 (6/ ,"+/& ". b'#7"2' /( '&; $b'#7"2' /( 

'&;? F___0 (6/- /B4&')*/+ (6/)# #/2%&(2 7- 2'-)*3 (6'( 8'9)()/2 ". 2%..)8)/*( 2)H/ (" '88",,"+'(/ 

(6/ 86'#3/17'&'*8)*3 6-+#'(/+ '&C'&) )* (6/ ."#, c'?q$KFS0*
|? 4#"9)+/+ 7- (6/ #'*+",&- 

"#)/*(/+ G& '*+ ]) 4"&-,/#)8 86')*2? ,)36( '2 :/&& 7/ "88%4)/+ 7- KXS
| $<)3%#/ ^ ' '*+ 70; 

56)2 :"%&+ /B4&')* (6/ */3&)3)7&/ &"22 ". 2(#/*3(6 "72/#9/+ +/24)(/ (6/ '&C'&)*/ &/'86)*3; 

 
 !"#$%&*(#HBJ#D!/0b".9!/&$0.#"$%2.$2%!#81%#S&o*16O"0&6&$!#*16O/!%#H8%1/#\&%41"&#!$#&6E#_(((J#&,-#H\J#41,-#

&..1%-0,7#$1#\&%41"&#!$#&6E#&,-#0$"#%!*6&.!/!,$# 0$9#&,#N`Z
p#.&$01,#-2%0,7#6!&.90,7#H8%1/#qL;r%&#!$#&6E:#_('_JE#

 

<)*'&&-? q'*) /( '&; $F_WF0 '*+ ]%86} /( '&; $F_WY0 ."8%2/+ (6/)# :"#C "* 8"*(#"&&)*3 (6/ 

."#,'()"* ". /..&"#/28/*8/ )* '&C'&)1'8()9'(/+ 2-2(/,2; <)#2(? )( :'2 4%7&)26/+ (6'( (6/ 

/..&"#/28/*8/ )* 3/"4"&-,/#)8 7)*+/#2 +/#)9/+ .#", *'(%#'& 4"HH"&'*)8 4#/8%#2"#2 8"%&+ 7/ 

#/+%8/+ /)(6/# 7- (6/ '++)()"* ". '&%,)*'1#)86 '+,)B(%#/2 "# 7- 6-+#"(6/#,'& 8%#)*3 $q'*) /( 

'&;? F_WF0; G88"#+)*3 (" (6/2/ '%(6"#2? /'86 ". (6/2/ (/86*)R%/2 4#"9)+/2 7/*/.)(2 7- 

/*6'*8)*3 (6/ 7)*+/# 2(#%8(%#/ ."#,'()"* 4#"8/22;  

56/*? )* F_WY? ]%86} /( '&; 26":/+ (6'( ' 8"*2)+/#'7&/ ',"%*( ". /..&"#/28/*8/ )* '&C'&) 

'8()9'(/+ 7&'2( .%#*'8/ 2&'3 8"%&+ 7/ '9")+/+ :)(6 '* '++)()"* ". G&<X~XKFS $]%86} /( '&; 

F_WY0; 56)2 86/,)8'& 8",4"%*+ :"%&+ #/'8( :)(6 2"+)%, 8'()"*2 )* 2"&%()"* (" ."#, 

)*2"&%7&/ Fc'X�G&<Z�? (6%2 3#/'(&- &),)()*3 (6/)# &/'86)*3 '*+ (6/ ."#,'()"* ". /..&"#/28/*8/; 

K":/9/#? 2)*8/ (6/ +"2/ ". G&<X~XKFS )* '&C'&) '8()9'(/+ 2&'3 6'+ ' */3'()9/ /../8( "* (6/ 

8",4#/22)9/ 2(#/*3(6? ' 8",4#",)2/ 7/(://* (6/ ,/86'*)8'& 4#"4/#()/2 '*+ (6/ /..&"#/28/*8/ 

,%2( 7/ ."%*+; 
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This review of the literature clearly shows a lack of information on the carbonation of 

geopolymer and its consequences. It appears that efflorescence is a major issue in these 

systems, but the risk of corrosion by carbonation and the need for an accelerated test as 

used for OPC still remains to be evaluated. The risk of efflorescence also needs to be 

studied in only metakaolin-based systems. 

 

 %
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6667%B*/&),*."%*'1%B&/401"%

 

1. Preparation of samples and cure conditions 

 

56/ #': ,'(/#)'&2 %2/+ ."# (6/ 2(%+)/2 ". 3/"4"&-,/# 8'#7"*'()"* :/#/ (6/ 2',/ '2 

4#/9)"%2&-! .&'26 ,/('C'"&)* '*+ 2"+)%, 2)&)8'(/ $`3W;^0; >%#/ $x\\A0 2"+)%, 8'#7"*'(/ '*+ 

7)8'#7"*'(/ $@`VI0 :/#/ '&2" %2/+ )* (6)2 2(%+- (" ,'C/ #/./#/*8/ 2',4&/2; 

G&& (6/ 4'2(/2 ."# (6/ 2(%+- ". (6/ 4"#/ 2"&%()"* :/#/ 4#/4'#/+ 7- ,)B)*3 (6/ 8",4"*/*(2 )* 

(6/ ."&&":)*3 ,'22 4/#8/*('3/2! EFA Nq? YW;EA `3W;^? '*+ Z;EA :'(/# $8"##/24"*+)*3 (" 

=>WY;E ."#,%&'()"*0? %*()& ' 6","3/*/"%2 ,)B(%#/ :'2 "7(')*/+; 56/*? (6/ 4'2(/2 :/#/ 8'2( 

)* \W B ZF B Y_ ,, 4&'2()8 ,"%&+2? 6/#,/()8'&&- 2/'&/+? '*+ 2("#/+ '( F_JD; G.(/# FY 6? (6/ 

(6#// +)../#/*( 8%#)*3 8"*+)()"*2 4#/2/*(/+ )* 5'7&/ F :/#/ '44&)/+; <"# 8%#/ 8"*+)()"* W? (6/ 

4#)2,2 :/#/ *"( #/,"9/+ .#", (6/ 4&'2()8 ,"%&+2? )* "#+/# (" 4#/9/*( '*- /B(/#*'& /B86'*3/2; 

56/ 2/8"*+ 8"*+)()"* ". 8%#/ :'2 '86)/9/+ 7- 4&'8)*3 (6/ 4#)2, )* ' 8"*+)()"*/+ #"", '( 

F_JD '*+ \EA V;K; <)*'&&-? ' 4'#( ". (6/ 2',4&/ :'2 4&'8/+ )* ' 86',7/# 8"**/8(/+ (" '* 

)*&/( ."# 8'#7"* +)"B)+/ )* "#+/# (" ,')*(')* '* '(,"246/#/ 8"*(')*)*3 E_A ". DSF '*+ ' 

#/&'()9/ 6%,)+)(- ". E_A; 

 

V*;.&%D7 D%#/ 8"*+)()"*2 %2/+ )* (6/ 8'#7"*'()"* 2(%+)/2 

 
 

56/ 3/"4"&-,/# 4'2(/2 4#/4'#/+ ."# (6/ 2(%+- ". /..&"#/28/*8/ :/#/ 8'2( )* 4&'2()8 ,"%&+2 XX 

,, )* +)',/(/# '*+ E_ ,, 6)36; L* (6)2 4'#(? (6/ ."#,%&'()"* =>WY;E )2 %2/+ ("3/(6/# :)(6 

9'#)"%2 "(6/# '++)()9/2 (6'( :)&& 7/ +/28#)7/+ 24/8).)8'&&- )* (6/ 2/8()"* 8"*8/#*/+; 

2. Test methods  

2.1 Extraction of the pore solution 

G 6)3614#/22%#/ +/9)8/ ."# /B(#'8()*3 .&%)+ .#", 4"#"%2 ,'(/#)'&2 :'2 %2/+ (" "7(')* (6/ 4"#/ 

2"&%()"* ". (6/ 3/"4"&-,/# 4'2(/ $D-# /( '&;? F__[0; G( 9'#)"%2 (),/2? (6/ 3/"4"&-,/# 4#)2,2 

:/#/ #/,"9/+ .#", (6/)# 8%#/ 8"*+)()"*2 '*+ 8#%26/+ (" "7(')* 4)/8/2 '#"%*+ F_ ,,; 56/ 
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'44'#'(%2 %2/+ $<)3%#/ [0 :'2 8",4"2/+ ". (:" (6)8C 8-&)*+/#2 $$W0 '*+ $F00? .)((/+ )*(" /'86 

"(6/# '*+ 2('*+)*3 "* ' 7'2/ 4&'(/ $X0 (6'( 8"*(')*/+ ' 2"&%()"* 8"&&/8("# $Y0; 56/ 8#%26/+ 

2',4&/ $� X__ 30 :'2 (6/* 4&'8/+ )* (6/ +/9)8/ '*+ 8",4#/22/+ 7- '* 'B)'& &"'+ 3/*/#'(/+ 7- 

' X___ Cc 6-+#'%&)8 4#/22 "* ' 2/( ". 4)2("*2 $$E0? $Z0? $^00; G2 (6/ 4"#"%2 ,'(/#)'& :'2 

8",4#/22/+? 4"#/ .&%)+ :'2 ."#8/+ )*(" ' 8)#8%&'# 86'**/& '*+ (6/* 4'22/+ (6#"%36 "*/ ". (6/ 

(6#// 6"&/2 +#)&&/+ )* (6/ 2"&%()"* 8"&&/8("# $Y0; 56/ 2"&%()"* :'2 8"&&/8(/+ )* ' 2,'&& 

4"&-4#"4-&/*/ #/8)4)/*( $[0? :6)86 8"%&+ 7/ #/,"9/+ (6#"%36 ' +#':/# 2-2(/, $\0; 56/ 

/B(#'8()"* :'2 8'##)/+ "%( "* ' X___ Cc G,2&/# 8",4#/22)"* (/2()*3 ,'86)*/? %2)*3 ' &"'+)*3 

#'(/ ". W N>'a2 %4 (" WE__ Cc; 

 
 !"#$%&+(&N079b*%!""2%!#-!;0.!#81%#!+$%&.$0,7#8620-#8%1/#*1%12"#/&$!%0&6"#HC%1/#<O%#!$#&6E:#_((3JE#

 

2.2 Chemical analysis 

 

e)#/8(&- '.(/# (6/ /B(#'8()"*? (6#// 8"*2/8%()9/ '*'&-2/2 :/#/ 8"*+%8(/+ "* (6/ 4"#/ 2"&%()"*! 

1 <)#2(? (6/ 4K ". (6/ 2"&%()"* :'2 ,/'2%#/+ %2)*3 ' 2('*+'#+ 4K ,/(/# $KGDK >KXW0 

4#/9)"%2&- 8'&)7#'(/+ 7/(://* 4K WW '*+ WX;  

1 56/*? ' +#"4 ". (6)2 2"&%()"* :'2 '*'&-2/+ 7- <"%#)/# (#'*2."#, )*.#'#/+ 24/8(#"28"4- 

$<5LV? >/#C)*1Q&,/# ]4/8(#%,0; 56/ '*'&-2)2 :'2 ,'+/ 7- +/4"2)()"* ". ' +#"4 ". 4"#/ 

2"&%()"* +)#/8(&- "* (6/ +)',"*+ 8/&& '.(/# ,/'2%#/,/*( ". (6/ 7'8C3#"%*+ )* (6/ ')#; 56/ 

24/8(#%, "7(')*/+ :'2 '* '88%,%&'()"* ". WF ,/'2%#/,/*(2 ,'+/ 7/(://* Y___ 8,1W '*+ 

[__ 8,1W; 

1 <)*'&&-? +/4/*+)*3 "* (6/ 9"&%,/ ". 4"#/ 2"&%()"* 8"&&/8(/+ 7- /B(#'8()"* $7/(://* F 

,O '*+ W_ ,O0? )( :'2 +)&%(/+ :)(6 +/)"*)2/+ :'(/# 2" '2 (" "7(')* ' C*":* 9"&%,/ ". 
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2"&%()"*? *',/+ @7? ."# 4K ,/(#)8 ()(#'()"* :)(6 6-+#"86&"#)8 '8)+; 56/ 4#)*8)4&/ ". (6)2 

()(#'()"* :'2 (" ,/'2%#/ (6/ 4K ". (6/ 4"#/ 2"&%()"* +/4/*+)*3 "* (6/ KD& 9"&%,/ $@'0 '++/+; 

56/ /B4/#),/*('& +/9)8/ %2/+ ."# (6/ ()(#'()"* )2 286/,'()8'&&- #/4#/2/*(/+ )* <)3%#/ \'; 

 

 
 !"#$%&,(&g0&7%&/#18#&J#&#*N#/!$%0.#$0$%&$01,#&,-#4J#$9!1%!$0.&6#$0$%&$01,#.2%;!E#

 

56/ 4K ". (6/ 2"&%()"* :'2 (6/* #/8"#+/+ ."# /'86 9"&%,/ ". '8)+ '++/+? '*+ (6/ ()(#'()"* 

8%#9/ :'2 4&"((/+ $<)3%#/ \70; 56/ /R%)9'&/*( 9"&%,/2 :/#/ "7(')*/+ 7- %2)*3 (6/ +/#)9'()9/ 

". 8%#9/; 56/ (6#// /R%)9'&/*( 9"&%,/2 ,/'2%#/+ $@_? W? F0 '#/ '22"8)'(/+ (" (6/ ."&&":)*3 (6#// 

2%88/22)9/ #/'8()"*2! 

 

OH- + H3O+ → 2H2O K0=1014 (9)  

CO3
2- + H3O+ → HCO3

- + H2O K1=1010.3 (10) 

HCO3
- + H3O+ → CO2aq + 2H2O K2=106.4 (11) 

 

56/ %*C*":* 8"*8/*(#'()"*2 ". 7'2/2 $SK1? DSX
F1 '*+ KDSX

10 :/#/ (6/* 8'&8%&'(/+ %2)*3 (6/ 

&': ". 8"*2/#9'()"* ". ,'((/#? +/28#)7/+ 7- QR%'()"*2 WF? WX '*+ WY; 

 

nacid = nbase   (12)  

Cacid x Vacid = Cbase x Vbase  (13) 

Cbase = (Cacid x Vacid) / Vbase  (14) 

 

NO-%1+0-!# K2&,$080.&$01, 56/ .)#2( /R%)9'&/*( 9"&%,/ @" ,/'2%#/+ 8"##/24"*+/+ (" (6/ 

9"&%,/ ". '8)+ #/R%)#/+ (" #/'8( :)(6 '&& (6/ SK1 )* (6/ 2"&%()"*? '88"#+)*3 (" QR%'()"* $\0; 

56/ 6-+#"B)+/ 8"*8/*(#'()"* 8"%&+ (6/* 7/ 8'&8%&'(/+ 7- %2)*3 QR%'()"* $WE0! 

[OH-] = (CA x V0) / VB (15)  
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<&%41,&$!# K2&,$080.&$01, `6/* (6/#/ :'2 *" ,"#/ 6-+#"B)+/ )* 2"&%()"*? (6/ 2(#"*3 '8)+ 

#/'8(/+ :)(6 (6/ 2(#"*3/# #/,')*)*3 7'2/ )* 2"&%()"* $DSX
F10? '88"#+)*3 (" QR%'()"* $W_0; 56/ 

8'#7"*'(/ 8"*8/*(#'()"* :'2 8'&8%&'(/+ $QR%'()"* WZ0 %2)*3 (6/ 9"&%,/ ". '8)+ #/R%)#/+ ."# 

(6)2 #/'8()"* $@W1@_0; 

 

[CO3
2-] = (CA x (V1 - V0 ))/ VB (16)  

#

\0.&%41,&$!#K2&,$080.&$01, 56/ #/'8()"* 7/(://* 8'#7"*'(/ '*+ 6-+#"86&"#)8 '8)+ &/+ (" (6/ 

."#,'()"* ". 7)8'#7"*'(/ )* 2"&%()"* $QR%'()"* WX0; b/)*3 ' 7'2)8 8",4"%*+? KDSX
1 '&2" 

#/'8(/+ :)(6 (6/ '++)()"* ". KD&? '88"#+)*3 (" QR%'()"* $WW0; L(2 8"*8/*(#'()"* :'2 8'&8%&'(/+ 

:)(6 (6/ 9"&%,/ ". '8)+ #/R%)#/+ ."# (6)2 #/'8()"* $@F1@W0 %2)*3 QR%'()"* $W^0! 

 

[HCO3
-] = (CA x (V2 - V1))/ VB  (17)  

 

G.(/# #/,"9)*3 (6/ +)&%()"* .'8("#? (6/ #/'& 6-+#"B)+/ '*+ 8'#7"*'(/ 8"*8/*(#'()"*2 :/#/ 

"7(')*/+ '*+ "(6/# )*."#,'()"* 8"%&+ 7/ 8'&8%&'(/+! 

 

<&6.26&$01,# 18# $9!# .&%41,&$01,# -!7%!! 56/ 3/*/#'& /R%'()"* ". 8'#7"*'()"* ('C)*3 4&'8/ )* 

2"&%()"* )2 4#/2/*(/+ )* QR%'()"* $W[0; 56/ +/3#// ". 8'#7"*'()"*? 8"##/24"*+)*3 (" (6/ ,"&'# 

',"%*( ". 6-+#"B)+/ (#'*2."#,/+ 7- 8'#7"*'()"* "9/# (6/ ,"&'# ',"%*( ". 6-+#"B)+/ 7/."#/ 

8'#7"*'()"*? 8"%&+ (6/* 7/ 8'&8%&'(/+ %2)*3 QR%'()"* $W\0; 

 

2OH- aqueous + CO2 dissolved gases → CO3
2- + H2O (18)  

%carbonation = 2[CO3
2-] / ([OH-] + 2[CO3

2-]) (19) 

#

g!$!%/0,&$01,#18#40.&%41,&$!#%&$!# 0,# "162$01, L* (6/"#-? (6/ 7)8'#7"*'(/ 4#/2/*( )* 2"&%()"* 

"#)3)*'(/+ .#", (6/ #/'8()"* ". (6/ DSX
F1 :)(6 (6/ '8)+ $QR%'()"* W_0; 56%2? (6/ 9"&%,/2 @F 1 

@W '*+ @W1@_ 26"%&+ 7/ /R%)9'&/*(; K":/9/#? ). 2",/ 7)8'#7"*'(/ :'2 4#/2/*( 7/."#/ (6/ 

()(#'()"*? )( :'2 4"22)7&/ (" 8'&8%&'(/+ (6/)# )*)()'& 8"*8/*(#'()"* $QR%'()"* F_0? '*+ 2" (6/ 

7)8'#7"*'(/ #'(/ )* 2"&%()"* $QR%'()"* FW0 

 

[HCO3
-]initial = [HCO3

-]measured - [CO3
2-] measured (20) 

%HCO3
-
 in solution = ([HCO3

-] - [CO3
2-]) / [HCO3

-] (21) 
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2.3 Capillary rise test 

 

G.(/# 2/9/* +'-2 ". 8%#/ '( F_JD '*+ \EA V;K;? (6/ 3/"4"&-,/# 8-&)*+/#2 :/#/ 4&'8/+ )* ' 

2%44"#( 8"*(')*)*3 2'*+ 2%7,/#3/+ 7- +/)"*)2/+ :'(/#; 56/ 8-&)*+/#2 :/#/ 2%7,/#3/+ .#", 

(6/ 7"((", %4 )* F "# X ,, ". +/)"*)2/+ :'(/#? '*+ (6/ 2%44"#( :'2 4&'8/+ )* '* ')#1

8"*+)()"*/+ #"", '( F_JD '( '#"%*+ Z_A V;K;? 4#"(/8(/+ .#", +#'%36(2; b- 8'4)&&'#- '8()"*? 

(6/ +/)"*)2/+ :'(/# #"2/ )* (6/ 8-&)*+/#? 7/8",)*3 &"'+/+ :)(6 .#// '&C'&) ,/('& 2'&(? '*+? 

"*8/ )* 8"*('8( :)(6 (6/ ')#? (6/ :'(/# /9'4"#'(/+ 8'%2)*3 (6/ 2'&( (" 8#-2('&&)2/ "* (6/ 2%#.'8/ 

$<)3%#/ W_0; 

 
 !"#$%&-.(&<&*066&%O#%0"!#$!"$#1,#7!1*16O/!%#.O60,-!%#"91 0,7#!8861%!".!,.!E#

 

L* "#+/# (" ."&&": (6/ 8#-2('&&)2'()"*? ' ,"*)("#)*3 8',/#' :'2 2/( %4 $<)3%#/ WW0 )* ' 8&),'()8 

86',7/# 2/( '( F_JD '*+ E_A V;K; G 8',/#' $K@1<FF? KL5GDKL0 '*+ ' .&'26 :/#/ 

4#"3#',,/+ (" ('C/ ' 4)8(%#/ /9/#- E ,)*%(/2 ". (6/ 2%#.'8/ ". (6/ 3/"4"&-,/# 8-&)*+/# $XX 

,, +)',/(/# '*+ E_ ,, 6/)36(0 2/,)1),,/#2/+ )* +/)"*)2/+ :'(/#; 

 

                       
 !"#$%&--(&g!;0.!#81%#!8861%!".!,.!#81%/&$01,#81661 !-#4O#.&/!%&E#

 

56/ ,)*/#'&"3)8'& 86'#'8(/#)2'()"* ". (6/ /..&"#/28/*8/ ."#,/+ :'2 4/#."#,/+ 7- LV 

24/8(#"28"4- '*+ zVe? %2)*3 (6/ 2',/ '44'#'(%2 '*+ 4#"8/+%#/ '2 +/28#)7/+ )* D6'4(/# L; 
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6E7%3*);0'*/,0'%08%/4&%50)&%"0.#/,0'%

 

1. Choice of the experimental approach 

 

G2 4#/9)"%2&- 2('(/+? (6/ )*."#,'()"* 4#"9)+/+ 7- (6/ &)(/#'(%#/ "* (6/ 2%7U/8( +"/2 *"( '&&": 

8"*8&%2)"*2 (" 7/ +#':* "* (6/ #/2)2('*8/ ". ,/('C'"&)*17'2/+ 3/"4"&-,/# (" 8'#7"*'()"*; 

56%2? (6/ ,')* 4%#4"2/2 ". (6)2 4'#( ". (6/ 2(%+- :/#/! 

 

à (" 6)36&)36( (6/ #/'8()"* 7/(://* (6/ ,/('C'"&)*17'2/+ 3/"4"&-,/# '*+ (6/ 

'(,"246/#)8 DSF? '*+ )(2 C)*/()82; 

à (" +/(/#,)*/ (6/ ),4'8( ". (6)2 #/'8()"* "* (6/ 3/"4"&-,/# 4'2(/? /24/8)'&&- "* (6/ 

4K ". (6/ 4"#/ 2"&%()"*; 

à (" '22/22 (6/ #/&/9'*8/ ". (6/ /B)2()*3 (/2(2 2('*+'#+)2/+ ."# ' 8/,/*()()"%2 ,'(#)B; 

à (" )+/*().- (6/ 4"(/*()'& +%#'7)&)(- #)2C2 ". (6)2 #/'8()"*; 

 

5" (6/ '%(6"#o2 C*":&/+3/? *" 2('*+'#+2 "# /B)2()*3 4#"8/+%#/2 ,'C/ )( 4"22)7&/ (" '86)/9/ 

(6/2/ "7U/8()9/2; 56%2? '* /B4/#),/*('& '44#"'86 ."8%2/+ "* (6/ '*'&-2)2 ". 4"#/ 2"&%()"* :'2 

+/9/&"4/+ ."# (6)2 2(%+-; 56/ 86")8/2 (6'( :/#/ ,'+/ ."# (6)2 /B4/#),/*('& '44#"'86 '#/ 

4#/2/*(/+ 7/&":; 

 

<910.!"#81%#$9!#"$2-O#18#$9!#*1%!#"162$01,#

b/8'%2/ ". (6/ )*2"&%7)&)(- ". 8'&8)%, 8'#7"*'(/? (6/ ,/(6"+2 +/9/&"4/+ (" '22/22 (6/ 

8'#7"*'()"* ". S>D '&& ."8%2 "* (6/ ,/'2%#/,/*( ". (6/ 8'#7"*'()"* .#"*(? ,')*&- :)(6 (6/ 

46/*"&46(6'&/)* )*+)8'("#; L* (6/ 8'2/ ". (6/ 3/"4"&-,/#? '&(6"%36 (6/ 4K 9'#)'()"* )*+%8/+ 

7- 8'#7"*'()"* 8"%&+ 7/ 9)2)7&/ 9)' ' 8"&"%# )*+)8'("#? ' +)2()*8( 8'#7"*'()"* .#"*( )2 +)..)8%&( 

(" +/(/#,)*/ 3)9/* (6/ 6)36 2"&%7)&)(- '*+ ,"7)&)(- ". (6/ 2"+)%, 8'#7"*'(/ $D#)'+" /( '&;? 

F__Ew {C9v#' /( '&;? F_WF0; L( :'2 (6%2 +/8)+/+ (" +/9/&"4 ' ,/(6"+ ."# (6/ 2(%+- ". 

8'#7"*'()"* (6#"%36 (6/ 4"#/ 2"&%()"*; 56)2 ,/(6"+ 8"%&+ 4#"9)+/ 4#/8)2/ 4K 9'&%/2? :6)86 

'#/ *"( -/( #/./#/*8/+ )* (6/ &)(/#'(%#/ ."# ,/('C'"&)*17'2/+ 3/"4"&-,/#; 

56)2 86")8/ :'2 8"*.)#,/+ 7- 4#/&),)*'#- (/2(2? :6)86 26":/+ (6/ +)..)8%&(- ". "7(')*)*3 

8&/'# 8"&"#'()"* ". (6/ 46/*"&46(6'&/)* "* (6/ 3/"4"&-,/# 2%#.'8/2 :)(6"%( +#-)*3 $<)3%#/ 

WF0;  
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%
 !"#$%&-/(&@!1*16O/!%#*&"$!#"&/*6!"#.2%!-#81%#"!;!,#-&O"#&$#A5n#]ENE#&,-#_(T<:#!+*1"!-#$1#*9!,16*9$9&6!0,#

 0$912$#-%O0,7#HkJ#&,-#&8$!%#-%O0,7#HYJE#
 

#

<910.!#18#$9!#"*!.0/!,"#"$2-0!-#

L* "#+/# (" 2),4&).- (6/ 2(%+-? )( :'2 86"2/* (" /9'&%'(/ (6/ ),4'8( ". (6/ 8'#7"*'()"* #/'8()"* 

"* 4%#/ 3/"4"&-,/# 4'2(/2? (" '22/22 (6/ #/'8()"* '( (6/ 7)*+/# &/9/&? '*+ '9")+ 4"22)7&/ 

#/'8()"* '&(/#'()"*2 +%/ (" (6/ 8"*(#)7%()"* ". "(6/# 86/,)8'& /&/,/*(2 4#"9)+/+ 7- 

'33#/3'(/2; 56/ 3/"4"&-,/# ."#,%&'()"* (6'( :'2 (6/ 7/2( 86'#'8(/#)2/+ )* D6'4(/# L :'2 (6%2 

2/&/8(/+ ."# (6)2 2(%+-! =>WY;E; 

 

<910.!#18#$9!#%!6&$0;!#92/0-0$O#18#$9!#$!"$#

](%+-)*3 (6/ ."#,'()"* ". 8'#7"*'(/2 )* 2"&%()"* #/R%)#/2 :"#C)*3 '( ' #/4/'('7&/ 9"&%,/ ". 

:'(/# (" 6'9/ 8",4'#'7&/ 8"*8/*(#'()"*2 '*+ (6/ 9"&%,/ ". :'(/# /B(#'8(/+ .#", (6/ 

3/"4"&-,/# ,%2( 7/ 6)36 /*"%36 (" '&&": (6/ ,/'2%#/,/*(2 (" 7/ '86)/9/+; 56%2? (6/ ),4'8( 

". #/&'()9/ 6%,)+)(- +%#)*3 (6/ (/2(? &)*C/+ (" (6/ :'(/# 2'(%#'()"* ". (6/ 3/"4"&-,/#? )2 ". 

,'U"# ),4"#('*8/;  

 

56)2 V;K; 9'&%/ :'2 86"2/* 7- 2(%+-)*3 (6/ #/2%&(2 ". b"6/# /( '&; $F_WY0 "7(')*/+ "* 

,/('C'"&)*17'2/+ 3/"4"&-,/# 6'9)*3 2),)&'# 4"#"%2 "#3'*)2'()"* $,"*","+'& */(:"#C 

8/*(#/+ '( WE *, :)(6 Y\A ". ("('& 4"#"2)(-0; L* (6/)# :"#C2? (6/ '%(6"#2 +/(/#,)*/+ (6/ 

+/3#// ". 2'(%#'()"* +/4/*+)*3 "* (6/ #/&'()9/ 6%,)+)(- )* ' ,/('C'"&)*17'2/+ 2-2(/, $<)3%#/ 

WX0; 56/- 26":/+ (6'(? ."# #/&'()9/ 6%,)+)()/2 7/(://* W_A '*+ [_A? (6/ :'(/# 2'(%#'()"* ". 

(6/ */(:"#C :'2 "*&- '#"%*+ F_A? :6)&/ )( #/'86/+ '&,"2( ^_A '( \EA V;K; L* 9)/: ". (6/2/ 

/&/,/*(2? )( :'2 +/8)+/+ (" .)B (6/ #/&'()9/ 6%,)+)(- ". (6/ 2(%+- ". 8'#7"*'()"* '( \EA V;K; 

)* "#+/# (" /*2%#/ (6'( ' 2%..)8)/*( R%'*()(- ". /B(#'8()*3 2"&%()"* :'2 "7(')*/+ (" 4/#."#, (6/ 

'*'&-2)2? /9/* '.(/# W -/'# ". 8%#/; 
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 !"#$%&-0(&^&$!%#"&$2%&$01,#-!7%!!#;!%"2"#%!6&$0;!#92/0-0$O#81%#/!$&L&160,b4&"!-#7!1*16O/!%#H8%1/#\19!%#!$#

&6E:#_('VJ#

 

2. Influence of the carbonation on the pore solution pH 

2.1. pH evolution in endogenous condition 

 

5" 7/ '7&/ (" /9'&%'(/ (6/ )*.&%/*8/ ". 8'#7"*'()"* "* (6/ 4K ". (6/ 4"#/ 2"&%()"*? ' 2(%+- 6'+ 

(" 7/ ,'+/ )* /*+"3/*"%2 8"*+)()"*2; 56/ 4K2 ". 4"#/ 2"&%()"*2 ". \W B ZF B Y_ ,, =>WY;E 

3/"4"&-,/# 4#)2,2 C/4( )* /*+"3/*"%2 8"*+)()"*2 :/#/ ,/'2%#/+ +)#/8(&- '.(/# (6/)# 

/B(#'8()"* '( +)../#/*( (),/2 %4 (" "*/ -/'#; 56/ 9'&%/2 "7(')*/+ '#/ 4&"((/+ "* (6/ 3#'46 

26":* )* <)3%#/2 WY'? %4 (" XZE +'-2 '*+ :)(6 ' &"3'#)(6,)8 28'&/ ."# 7/((/# 9)2)7)&)(- "* 

<)3%#/ WY7; L( :'2 .)#2( "72/#9/+ (6'( (6/ /9"&%()"* ". (6/ 4K 26":/+ ' &"3'#)(6,)8 (#/*+? :)(6 

' #'4)+ +/8#/'2/ ". (6/ 9'&%/2 )* (6/ .)#2( +'-2 ."&&":/+ 7- 2('7)&)2'()"* "9/# (),/; `)(6"%( 

/B(/#*'& /B86'*3/2? (6/ 6)36 )*)()'& 9'&%/ ". 4K ". WX;\? "7(')*/+ U%2( '.(/# 4#/4'#'()"*? 

+/8#/'2/+ #'4)+&- (" #/'86 WX '( (6#// +'-2? WF;[ '( 2/9/* +'-2? .)*'&&- 2('7)&)2)*3 '( ' 9'&%/ 

2&)36(&- '7"9/ WF; 

 

 
 !"#$%&-1(&*N#!;162$01,#18#$9!#7!1*16O/!%#*1%!#"162$01,#L!*$#0,#!,-17!,12"#.1,-0$01,"#2*#$1#`F5#-&O"E#&J#60,!&%#

".&6!#&,-#4J#617&%0$9/0.#".&6!E#
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56)2 9/#- .'2( +/8#/'2/ )* (6/ 7'2)8)(- ". (6/ 4"#/ 2"&%()"* )2 #/,)*)28/*( ". (6/ 9/#- #'4)+ 

)*8#/'2/ )* (6/ 3/"4"&-,/# 2(#/*3(6 '( /'#&- '3/? 4#/2/*(/+ )* D6'4(/# L '2 (6/ (),/ #/R%)#/+ 

."# (6/ 3/"4"&-,/#)2'()"* #/'8()"* (" ('C/ 4&'8/; L* .'8(? :6/* (6"2/ 9'&%/2 '#/ 4&"((/+ 

("3/(6/#? '2 4#/2/*(/+ )* <)3%#/ WE? )( 8'* 7/ 2//* (6'( (6/ #'4)+ +/8#/'2/ )* 4K +%#)*3 (6/ .)#2( 

+'-2 ". 8%#)*3 :'2 '&,"2( )*9/#2/&- 4#"4"#()"*'& (" (6/ #'4)+ )*8#/'2/ )* 8",4#/22)9/ 

2(#/*3(6; ]" (6)2 +/8#/'2/ )* 4K :"%&+ 7/ )*9"&9/+ )* (6/ #/'8()"* ". 3/"4"&-,/#)2'()"*; 

 
 !"#$%&-'(&*N#!;162$01,#18#$9!#*1%!#"162$01,#L!*$#0,#!,-17!,12"#.1,-0$01,#&,-#.1/*%!""0;!#"$%!,7$9#H-&$&#8%1/#

.9&*$!%#RJ#18#/!$&L&160,b4&"!-#7!1*16O/!%E 
 

S72/#9'()"*2 ". (6/ 2/,)1286/,'()8 2(#%8(%#/ ". c'u4"&-2)'&'(/ 4"&-,/# 7- b'#7"2' $F___0 

8"%&+ /B4&')* (6)2 4K /9"&%()"* '( /'#&- '3/; 56)2 2/,)1286/,'()8 2(#%8(%#/? 4#/2/*(/+ "* 

<)3%#/ WZ? 26":2 (6/ 4#/2/*8/ ". 6-+#"B)+/ 7"%*+ (" (6/ ,'(#)B $8)#8&/+ )* #/+ )* <)3%#/ WZ0; 

L( )2 (6%2 4"22)7&/ (" ),'3)*/ (6'( (6/ SK1 4#"9)+/+ 7- (6/ '8()9'()"* 2"&%()"* 7/)*3 )*)()'&&- )* 

2"&%()"* ),4"2/2 ' 9/#- 6)36 4K? 8&"2/ (" WY? '*+ (6/* (6/ 7)*+)*3 ". 2",/ SK1 :)(6)* (6/ 

2(#%8(%#/ :)&& #'4)+&- +/8#/'2/ (6/ 4K? %*()& /R%)&)7#)%, )2 "7(')*/+; ]" :6/* (6/ 2(#%8(%#/ )2 

2('7)&)2/+? '( */'#&- WY +'-2? (6/ 6-+#"B)+/ )"*2 (6'( 6'9/ *"( 7"*+/+ #/,')* )* (6/ 4"#/ 

2"&%()"* '*+ ,')*(')* ' 6)36 4K;  

 

%
 !"#$%&-)(#D!/0b".9!/&$0.#"$%2.$2%!#81%#S&o*16O"0&6&$!#*16O/!%#H8%1/#\&%41"&#!$#&6E:#_(((J# 9!%!#$9!#

9O-%1+0-!"#41,-!-#$1#$9!#"$%2.$2%!#9&;!#4!!,#.0%.6!-#0,#%!-E#  
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2.2. pH evolution in natural conditions 

 

V/3'#+)*3 (6/ /9"&%()"* ". (6/ 4K )*2)+/ (6/ 3/"4"&-,/# 4"#/ 2"&%()"* ."# 2',4&/2 C/4( '( 

F_JD '*+ \EA V;K;? );/; )* 8"*('8( :)(6 (6/ '(,"246/#/? ' 2),)&'# (#/*+ :'2 26":* 7%( :)(6 ' 

3#/'(/# +/8#/'2/! '.(/# "*&- WY +'-2? (6/ 4K ". (6)2 2"&%()"* /B4"2/+ (" '(,"246/#)8 DSF :'2 

*/'#&- WF '*+ #/'86/+ W_;E '.(/# "*/ -/'# $.)3%#/ W^ ' '*+ 70; 56)2 &":/# 9'&%/ ". 4K ". (6/ 

4"#/ 2"&%()"* /B4"2/+ (" /B(/#*'& /B86'*3/2 :'2 '22"8)'(/+ :)(6 (6/ 8'#7"*'()"* ". (6/ 

2"&%()"*? 7- #/'8()"* ". (6/ 6-+#"B)+/ :)(6 (6/ +)22"&9/+ 8'#7"*)8 '8)+ (" ."#, 8'#7"*'(/2 

DSX
F1 )* 2"&%()"* $QR%'()"* WE0;  

 

 

%

 !"#$%&-*(&*N#!;162$01,#18#$9!#7!1*16O/!%#*1%!#"162$01,#.2%!-#0,#,&$2%&6#&,-#!,-17!,12"#.1,-0$01,"#2*#$1#&J#
`F5#-&O"#&,-#4J#'V#-&O"E#

 

 

<)3%#/ W^7 8&/'#&- 26":2 (6'( (6/ +)../#/*8/ )* 4K 7/(://* /*+"3/*"%2 '*+ *'(%#'& 8"*+)()"* 

7/3'* .#", (6/ 2/8"*+ +'- ". 8%#/ $+'- F! /*+"3/*"%2 WX;W '*+ *'(%#'& WF;\0 '*+ )*8#/'2/+ 

"9/# (),/? 6)36&)36()*3 '? 4#"7'7&- 9/#- .'2(? 8'#7"*'()"* ". (6/ 4"#/ 2"&%()"*; 56%2? (6/ 

8"*()*%'()"* ". (6/ 2(%+- ". 8'#7"*'()"* :'2 8"*8/*(#'(/+ "* (6/ /9"&%()"* ". (6/ 8'#7"*'(/2 

)* 2"&%()"* +%#)*3 (6/ .)#2( ."%#(//* +'-2 ". 8%#)*3; c/9/#(6/&/22? (6/ +/8#/'2/ ". (6/ 2"&%()"* 

7'2)8)(- 7/(://* WY '*+ W[_ +'-2? '&(6"%36 &":/#? '&2" +/,"*2(#'(/2 ' 46/*",/*"* (6'( ,'- 

7/ '22"8)'(/+ :)(6 ' 8"*()*%)(- ". (6/ 8'#7"*'()"* #/'8()"*; 
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3. Analysis of carbonates of the pore solutions 

3.1. FTIR analysis of the carbonates formed under natural condition 

 

L* "#+/# (" )+/*().- '*+ R%'*().- (6/ 8'#7"*'(/ :)(6)* (6/ 4"#/ 2"&%()"* %2)*3 <5LV 

24/8(#"28"4-? ' 4#/&),)*'#- '*'&-2)2 :'2 8'##)/+ "%( %2)*3 ' 4%#/ 2"+)%, 8'#7"*'(/ 2"&%()"* 

'2 ' #/./#/*8/; 56%2 .)9/ 2"&%()"*2 :)(6 ,'22 8"*8/*(#'()"*2 #'*3)*3 .#", W_ (" F__3;O1W :/#/ 

,'+/ '*+ '*'&-2/+ 7- <5LV; 56/ 24/8(#' "7(')*/+ 7/(://* F___ 8,1W '*+ [__ 8,1W ."# (6/2/ 

.)9/ #/./#/*8/2 '#/ 26":* )* <)3%#/ W['; S* (6/2/ 24/8(#'? (:" ,'U"# 9)7#'()"*2 7'*+2 :/#/ 

)+/*().)/+! 

 

1 'FV(./b' '22"8)'(/+ :)(6 7"*+)*3 9)7#'()"*2 ". KuSK 7"*+2? #/&'(/+ (" :'(/#; 

1 '`X3b'`A(./b' 8"##/24"*+)*3 (" (6/ 2(#/(86)*3 9)7#'()"* ". SuDuS 7"*+2 )* (6/ 

8'#7"*'(/ 3#"%4 $DSX
F�0 $b/#*'& /( '&;? F_W_0 

 

56/ 2%4/#4"2)()"* ". (6/2/ 24/8(#' 6)36&)36(/+ (6/ R%'*()('()9/ '24/8( ". (6)2 '*'&-2)2? '2 (6/ 

'#/' ". (6/ 9)7#'()"* :'2 4#"4"#()"*'& (" (6/ 8'#7"*'(/ 8"*8/*(#'()"*; G 8'&)7#'()"* 8%#9/ :'2 

(6%2 ,'+/ 7- 4&"(()*3 (6/ '#/' %*+/# (6/ 9)7#'()"* ,"+/ '22"8)'(/+ :)(6 (6/ 8'#7"*'(/ 

$7/(://* WE__ '*+ WF__8,1W0 9/#2%2 (6/ 8"*8/*(#'()"* ". c'FDSX $<)3%#/ W[70; 56/ &)*/'# 

/R%'()"* "7(')*/+ (6%2 4/#,)((/+ (6/ 8'#7"*'(/2 )* (6/ 3/"4"&-,/# 4"#/ 2"&%()"* (" 7/ 

R%'*().)/+? '22%,)*3 (6/#/ :/#/ *" 2%4/#4"2)()"*2 "# ,'(#)B /../8(2 '#"%*+ (6)2 7'*+ ". 

9)7#'()"*; 

 

 
 !"#$%&-+(#&J#CjR]#"*!.$%&#18#*2%!#S&_<Z`#"162$01,"#9&;0,7#/&""#.1,.!,$%&$01,"#18#'(:#5(:#'((:#'5(:#&,-#_((#
7E)b'#4!$ !!,#_(((#./b'#&,-#3((#./b'#&,-#4J#<&604%&$01,#.2%;!#18#$9!#&%!&#18#$9!#.&%41,&$!#;04%&$01,"#4!$ !!,#

'5((#&,-#'_((#./b':#*61$$!-#;!%"2"#$9!#/&""#.1,.!,$%&$01,#18#$9!#%!8!%!,.!"E#
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<)3%#/ W\ 26":2 (6/ )*.#'#/+ 24/8(#%, 7/(://* F___ '*+ [__ 8,1W ."# (6/ 4"#/ 2"&%()"*2 

/B(#'8(/+ '.(/# W? X? E? ^ '*+ WY +'-2 .#", (6/ 3/"4"&-,/# 4'2(/ C/4( '( F_JD? \EA V;K; '*+ 

'( '(,"246/#)8 DSF 8"*(/*(; G2 4#/9)"%2&- 2//* "* (6/ #/./#/*8/ 24/8(#'? '&& 24/8(#' /B6)7)(/+ 

)*.#'#/+ 9)7#'()"* '#"%*+ WZY_ 8,1W #/&'(/+ (" :'(/#? '*+ '&2" (6/ ,"+/ '22"8)'(/+ :)(6 (6/ 

2(#/(86)*3 9)7#'()"* ". SuDuS 7"*+2 )* (6/ 8'#7"*'(/ 3#"%4 7/(://* WX[F '*+ WX\Y8,1W; G* 

)*8#/'2/ )* (6/ )*(/*2)(- ". (6)2 9)7#'()"* ,"+/ :'2 "72/#9/+? 26":)*3 '* )*8#/'2/ )* (6/ 

8'#7"*'(/ 8"*8/*(#'()"* '*+ 2)3*).-)*3 ' &'#3/# 8'#7"*'()"* ". (6/ 4"#/ 2"&%()"*; 

 

G*"(6/# 9)7#'()"* ,"+/ '( W__[ 8,1W? "*&- ."%*+ )* (6/ 24/8(#%, ". (6/ 4"#/ 2"&%()"* 

/B(#'8(/+ '( W +'-? :'2 '22)3*/+ (" (6/ '2-,,/(#)8 2(#/(86)*3 9)7#'()"* ". ])uSu5 7"*+2? 

:6/#/ 5 )2 (/(#'6/+#'& 2)&)8"* "# '&%,)*)%, $b/#*'& /( '&;? F_W_w D#)'+" /( '&;? F__E0; 56)2 

9)7#'()"* ,"+/ :'2 /B4&')*/+ 7- (6/ 4#/2/*8/ ". 3/"4"&-,/# 4'#()8&/2 )* 2"&%()"*? 4#"7'7&- 

+%/ (" (6/ .'8( (6'(? '( FY6? (6/ ,'(#)B :'2 ("" .#'3)&/ ."# (6/ 2(#/*3(6 '44&)/+ +%#)*3 (6/ 

/B(#'8()"*; 56)2 #/2%&(/+ )* (6/ /B(#'8()"* ". 2",/ ". (6/ 2"&)+ 4"#()"* '( (6/ 2',/ (),/ '2 (6/ 

4"#/ 2"&%()"*;%

%
 !"#$%&-,(#CjR]#"*!.$%&#18##*1%!#"162$01,"#18#7!1*16O/!%#*&"$!#.2%!-#&$#_(T<:#A5n#]ENE#&,-#&$/1"*9!%0.#

<Z_n:#!+$%&.$!-#&8$!%#':#`:#5:#X#&,-#'V#-&O"#4!$ !!,#_(((#./
b'#&,-#3((#./b'E#

 

56/ '#/'2 %*+/# (6/ 9)7#'()"* 7'*+2 '22"8)'(/+ :)(6 8'#7"*'(/2 :/#/? '2 ."# (6/ #/./#/*8/ 

2',4&/2? 8'&8%&'(/+ 7/(://* WE__ '*+ WF__ 8,1W? '&&":)*3 (6/ +/(/#,)*'()"* ". (6/ 8'#7"*'(/ 

8"*8/*(#'()"* 4#/2/*(/+ )* 5'7&/ X? 7- ,/'*2 ". (6/ &)*/'# /R%'()"* $<)3%#/ W[70;% 56/2/ 

#/2%&(2 26": 9/#- .'2( 8'#7"*'()"* '2 (6/ ,'22 8"*8/*(#'()"* ". 8'#7"*'(/2 )*8#/'2/+ .#", 

WZ;W 3;O1W '( FY 6 (" X_;^ 3;O1W )* "*&- X +'-2; 56)2 8"*8/*(#'()"* 8"*()*%/+ (" )*8#/'2/ +%#)*3 

(6/ .)#2( ://C '*+ (6/* 2('7)&)2/+ '( ' 8"*8/*(#'()"* */'# (" Y_ 3;O1W? 2)*8/ (6)2 9'&%/ :'2 

8'&8%&'(/+ ."# 7"(6 ^ '*+ WY +'-2;%
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V*;.&% ?7% 4K? '#/' ". (6/ 9)7#'()"* 7'*+? '*+ ,'22 8"*8/*(#'()"* ". c'FDSX $3;O1W0 )* (6/ 3/"4"&-,/# 4"#/ 
2"&%()"*2 $8'&8%&'(/+ .#", (6/ 8'&)7#'()"* /R%'()"*0 '( W? X? E? ^ '*+ WY +'-2; 

 
 

56/2/ )*.#'#/+ '*'&-2/2 ". (6/ 4"#/ 2"&%()"* ". ,/('C'"&)*17'2/+ 3/"4"&-,/# (6%2 6)36&)36(/+ 

(6/ 8'#7"*'()"* #/'8()"* 7/(://* (6/ 8'#7"* +)"B)+/ .#", (6/ ')# '*+ (6/ 3/"4"&-,/# 4"#/ 

2"&%()"*; T*&)C/ (6/ #/'8()"* "88%##)*3 )* >"#(&'*+ 8/,/*(? (6/ #/'8()"* '44/'#2 (" 7/ 9/#- .'2( 

:)(6 /'#&- 2('7)&)2'()"* '( "*&- 2/9/* +'-2 ". /B4"2%#/ (" '(,"246/#)8 DSF; <#", (6/ 4"2)()"* 

". (6/ 8'#7"*'(/ 9)7#'()"* 7'*+? 2),)&'# (" (6'( ". (6/ #/./#/*8/? (6/ 8'#7"*'(/2 8"%&+ 7/ 

)+/*().)/+ '2 2"+)%, 8'#7"*'(/2 7%( "(6/# (/2(2 :/#/ 4/#."#,/+ (" 8"*.)#, (6)2 8"*8&%2)"*; 

 

3.2. Titration of carbonates with hydrochloric acid 

 

G ()(#'()"* :)(6 6-+#"86&"#)8 '8)+ $KD&0 '( _;E N :'2 4/#."#,/+ "* (6/ 4"#/ 2"&%()"*2 ". (6/ 

3/"4"&-,/# /B(#'8(/+ '.(/# X? E? ^? '*+ WY +'-2 ". 8%#/ '( F_JD? \EA V;K; '*+ *'(%#'& DSFA; 

<"# /'86 ()(#'()"*? ' 8%#9/ 2%86 '2 (6'( 4#/2/*(/+ ."# (6/ X1+'- '*'&-2)2 )* <)3%#/ F_ :'2 

"7(')*/+;  

 

G2 4#/2/*(/+ /'#&)/#? (6)2 8%#9/ 26":2 (6#// .'&&2 ". (6/ 4K 9'&%/ '*+ 6)36&)36(2 (6/ (6#// 

2%88/22)9/ #/'8()"*2 (6'( (""C 4&'8/ )* (6/ 2"&%()"* +%#)*3 (6/ ()(#'()"*; <)#2(? (6/ KXS
| 

4#"9)+/+ 7- KD& #/'8(/+ :)(6 (6/ SK1 ". (6/ 2"&%()"* $MGN )* <)3%#/ F_0; G 9"&%,/ @_ M 

W;WE,O ". KD& :'2 */8/22'#- (" 8"*2%,/ '&& (6/ SK1? &/'+)*3 (" ' .)#2( +#"4 ". 4K; 56)2 .)#2( 

2(/4 +/,"*2(#'(/+ (6'( (6/ 2"&%()"* :'2 *"( 8",4&/(/&- 8'#7"*'(/+ '( (6)2 (),/; 56/ 2/8"*+ 

+#"4 26":/+ (6/ ',"%*( ". '8)+ $@W1@_ M F;XE ,O0 */8/22'#- (" (#'*2."#, '&& (6/ DSX
F1 )* 

2"&%()"* )*(" KDSX
1 $MDN )* <)3%#/ F_0;  56/ (6)#+ +#"4 ,'#C/+ (6/ /*+ ". (6/ #/'8()"* 7/(://* 

(6/ KXS
| '*+ (6/ KDSX

1 ."#,/+ +%#)*3 (6/ 4#/9)"%2 #/'8()"* $@F1@W M F;XE ,O? M?N )* <)3%#/ 

F_0; 56/ .'8( (6'( (6/ 9"&%,/2 @W1@_ '*+ @F1@W :/#/ )+/*()8'& ,/'*2 (6'( *" KDSX
1 :'2 

)*)()'&&- 4#/2/*( )* (6/ 4"#/ 2"&%()"* $2)*8/ '&& KDSX
1 8',/ .#", (6/ 2/8"*+ #/'8()"* +%#)*3 

(6/ ()(#'()"*0 '*+ (6/ 2',/ 8"*8&%2)"* :'2 #/'86/+ ."# (6/ "(6/# ()(#'()"*2 ,'+/ (" R%'*().- (6/ 

8'#7"*'(/ ."#,/+ %*+/# *'(%#'& 8"*+)()"*2; 
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 !"#$%&/.(#j0$%&$01,#.2%;!#18#7!1*16O/!%#*1%!#"162$01,#!+$%&.$!-#&8$!%#`#-&O"#.2%!-#&$#_(T<:#A5n#]ENE#&,-#

,&$2%&6#<Z_n#4O#&#(E5I#N<6#"162$01,#81661 !-#4O#*NE#
 

56/2/ ()(#'()"*2 8'##)/+ "%( "* (6/ 4"#/ 2"&%()"* '( X? E? ^ '*+ WY +'-2 '&&":/+ (6/ SK1? DSX
F1 

'*+ KDSX
1 4#/2/*( )* 2"&%()"* (" 7/ R%'*().)/+ %2)*3 QR%'()"*2 WF (" WY '2 4#/2/*(/+ )* 4'#( L; 

F;F '*+ 2" (6/ 2"+)%, 8'#7"*'(/ 8"*8/*(#'()"* '*+ (6/ +/3#// ". 8'#7"*'()"* (" 7/ +/(/#,)*/+ 

$4#/2/*(/+ )* 5'7&/ Y0; 56/ 8'#7"*'(/ 8"*8/*(#'()"*2 "7(')*/+ 26": (6/ 2',/ /9"&%()"* '2 

4#/9)"%2&- ."%*+ 7- )*.#'#/+ '*'&-2)2? :)(6 ' #'4)+ )*8#/'2/ ". (6/ 8"*8/*(#'()"* +%#)*3 (6/ 

.)#2( 2/9/* +'-2 ."&&":/+ 7- ' 2('7)&)2'()"* 7/(://* ^ '*+ WY +'-2; 56/ 9'&%/2 "7(')*/+ :/#/ 

'&2" 9/#- 2),)&'# (" (6'( ."%*+ 4#/9)"%2&- :)(6 ' 8"*8/*(#'()"* '( WY +'-2 ". X^;W 3;O1W )*2(/'+ 

". X\;\ 3;O1W; L* '++)()"*? (6/ 8'&8%&'()"* ". (6/ +/3#// ". 8'#7"*'()"* 26":/+ (6'( (6/ 4"#/ 

2"&%()"* :'2 [_A 8'#7"*'(/+ )* U%2( X +'-2? '*+ #/'86/+ \^A ". 2"&%()"* 8'#7"*'(/+ '( (6/ 

/*+ ". (6/ .)#2( ://C; 56/ )*8#/'2/ )* (6/ #'(/ ". 8'#7"*'()"* :'2 8"*2)2(/*( :)(6 (6/ ,/'2%#/+ 

+/8#/'2/ )* 4K; 

 

V*;.&%C7%N'22 8"*8/*(#'()"* ". c'FDSX $3;O1W0 '*+ +/3#// ". 8'#7"*'()"* $A0 ". (6/ 3/"4"&-,/# 4"#/ 2"&%()"*2 
'( X? E? ^ ?WY '*+ W[_ +'-2; 

 
 

56/ 2',/ ()(#'()"* 7- (6/ 6-+#"86&"#)8 '8)+ :'2 ,'+/ :)(6 (6/ 4"#/ 2"&%()"* /B(#'8(/+ '.(/# 

W[_ +'-2 ". 8%#/ '( F_JD? \EA V;K; '*+ *'(%#'& DSFA; G 2"+)%, 8'#7"*'(/ ,'22 

8"*8/*(#'()"* ". */'#&- WF 3;O1W :'2 8'&8%&'(/+? :)(6 ' W__A 8'#7"*'()"* ". (6/ 2"&%()"*; 56/ 

'22"8)'(/+ 4K ."%*+ :'2 '&2" &":/# (6'* 4#/9)"%2&-? :)(6 ' 9'&%/ ". W_;E? /B4&')*/+ 7- (6/ 

4#/2/*8/ ". W_A ". 7)8'#7"*'(/ )* 2"&%()"* $%2)*3 QR%'()"*2 F_ '*+ FW0; 
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3.3. Influence of accelerated test conditions  

 

G2 ,/*()"*/+ )* (6/ .)#2( 4'#( $L;W;X0? (6/ ,/(6"+2 +/2)3*/+ ."# (6/ 2(%+- ". 8'#7"*'()"* )* ' 

8/,/*( ,'(#)B '&:'-2 %2/ '88/&/#'(/+ 8"*+)()"*2? );/; '* '(,"246/#/ :)(6 '* '#().)8)'&&- 

)*8#/'2/+ DSF 8"*8/*(#'()"* $.#", _;W (" E_A )*2(/'+ ". _;_X1_;_YA0; 56/2/ (/2(2 '#/ :)+/&- 

#/4"#(/+ )* (6/ &)(/#'(%#/ 2(%+-)*3 (6/ 8'#7"*'()"* ". '&C'&)1'8()9'(/+ ,'(/#)'&2? ,')*&- 7'2/+ 

"* 2&'32 $b'C6'#/9 /( '&;? F__Ww >'&'8)"2 '*+ >%/#('2? F__Zw b/#*'& /( '&;? F_W_? F_WF0; 

K":/9/#? '2 #/4"#(/+ 7- b/#*'& /( '&; $F_WF0? )*8#/'2)*3 (6/ DSF 8"*(/*( )* (6/ '(,"246/#/ 

86'*3/2 (6/ 8'#7"*'(/ $c'FDSX0a7)8'#7"*'(/ $c'KDSX0 46'2/ /R%)&)7#)%, '*+ &/'+2 (" ' 

,"#/ *"('7&/ +/8#/'2/ )* 4K; 56%2? (" /9'&%'(/ (6/ )*.&%/*8/ ". (6/2/ '88/&/#'(/+ (/2(2 "* (6/ 

8'#7"*'()"* 4#"+%8( ". ,/('C'"&)*17'2/+ 3/"4"&-,/#? (6/ 2',/ ()(#'()"* ,/'2%#/,/*(2 :/#/ 

4/#."#,/+ "* 4"#/ 2"&%()"*2 /B(#'8(/+ .#", 3/"4"&-,/# 8%#/+ %*+/# E_A ". DSF '( X? E? ^ 

'*+ WY +'-2; K":/9/#? (6/ 86',7/# %2/+ (" 8#/'(/ (6)2 8"*8/*(#'(/+ 8'#7"* +)"B)+/ 

'(,"246/#/ 6'+ ' #/&'()9/ 6%,)+)(- ". E_A? 2" (6/ 8'&8%&'(/+ 8"*8/*(#'()"*2 8"%&+ *"( 7/ 

8",4'#/+ (" (6/ #/2%&(2 "7(')*/+ )* *'(%#'& 8"*+)()"*2 '( \EA V;K; +%/ (" (6/ ),4"22)7)&)(- ". 

/2(),'()*3 (6/ +)&%()"* #'()"; 

 

S* (6/ ()(#'()"* 8%#9/ ". (6/ 2"&%()"* /B(#'8(/+ '( X +'-2 $<)3%#/ FW0? '*+ '&2" '( E? ^? '*+ WY 

+'-2? (6/ +#"4 )* 4K 8"##/24"*+)*3 (" (6/ SK1 :'2 *" &"*3/# 9)2)7&/? +/,"*2(#'()*3 ("('& 

8'#7"*'()"* ". (6/ 4"#/ 2"&%()"*2; 56/ "72/#9'()"* ". (6/ ()(#'()"* 8%#9/2 '&2" 26":/+ (6'( (6/ 

9"&%,/ #/R%)#/+ (" #/'8( :)(6 (6/ DSX
F1 $@W M \;E ,O0 :'2 &":/# (6'* (6/ '8)+ 9"&%,/ 

#/R%)#/+ ."# (6/ KDSX
1 $@F1@W M WF ,O0; b'2/+ "* (6/2/ #/2%&(2? )( :'2 8"*8&%+/+ (6'(? &)C/ 

(6/ 4#/9)"%2 2"&%()"*2 /B(#'8(/+ '( W[_ +'-2? (6/2/ 4"#/ 2"&%()"*2 8"*(')*/+ KDSX
1 )* 2"&%()"* 

7/."#/ ()(#'()"* 7/3'*;   

            
 !"#$%&/-(#j0$%&$01,#.2%;!#18#7!1*16O/!%#*1%!#"162$01,#!+$%&.$!-#&8$!%#`#-&O"#.2%!-#&$#_(T<:#5(n#]ENE#&,-#5(n#

18#<Z_#4O#&#(E5I#N<6#"162$01,#81661 !-#4O#*NE#
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56)2 .)*+)*3 :'2 )* '3#//,/*( :)(6 (6/ .'8( (6'( (6/ 4K 9'&%/2 ,/'2%#/+ ."# (6/2/ 4"#/ 

2"&%()"*2 :/#/ '&& 7/&": W_;E? :6)&/ (6/- :/#/ '#"%*+ WF )* *'(%#'& 8"*+)()"*2 ."# (6/ 2',/ 

4/#)"+; 56%2? (6/ 4#/2/*8/ ". 2"+)%, 7)8'#7"*'(/ )* 2"&%()"* 6'2 ' *"*1*/3&)3)7&/ )*.&%/*8/ "* 

(6/ 4K? '2 #/4"#(/+ 7- b/#*'& /( '&; $F_WF0; 56/ R%'*().)8'()"* ". (6)2 7)8'#7"*'(/ #'(/ )* 

2"&%()"* 26":2 '* )*8#/'2/ )* (6/ KDSX1 8"*8/*(#'()"* +/4/*+)*3 "* (6/ (),/ ". 8%#/; L( :'2 

(6%2 8'&8%&'(/+? '2 26":* )* <)3%#/ FF? (6'( (6/  KDSX
1 8"*8/*(#'()"* )* 2"&%()"* :'2 FWA 

.#", (6/ (6)#+ +'- ". 8%#/ '*+ #/'86/+ X[A '( WY +'-2; 

 

 
 !"#$%&//(#S&_<Z`#&,-#S&N<Z`#%!6&$0;!#.1,.!,$%&$01,"#812,-#0,#$9!#*1%!#"162$01,#18#7!1*16O/!%#.2%!-#0,#

&..!6!%&$!-#.1,-0$01,"#H_(T<:#5(n#]ENE#&,-#5(n#18#<Z_J#!+$%&.$!-#&$#`:#5:#X#&,-#'V#-&O"#E#
 
 
 

4. Impact of carbonation on the durability of geopolymer  

 

4.1. On the mechanical strength 

 

D'#7"*'()"* )2 C*":* (" )*8#/'2/ (6/ ,/86'*)8'& 2(#/*3(6 )* (6/ 8/,/*( ,'(#)B "9/# (),/ 

$O/'? W\^_w �"%*3 /( '&;? W\^Y0 ,')*&- +%/ (" (6/ ."#,'()"* ". 8'&8)%, 8'#7"*'(/ )* (6/ 

4"#"%2 */(:"#C; L* 3/"4"&-,/#? (6/ 8'#7"*'(/2 ."#,/+ '#/ 9/#- ,"7)&/? (6%2 (6/ R%/2()"* ". 

(6/ )*.&%/*8/ ". 8'#7"*'()"* "* (6/ ,/86'*)8'& 7/6'9)"%# '#)2/2; G2 (6/ 8",4#/22)9/ 2(#/*3(62 

"7(')*/+ )* D6'4(/# L ."# (6/ ,"#('# 6'+ (6/ 2',/ 3/"4"&-,/# ."#,%&'()"* '*+ :/#/ 8%#/+ )* 

(6/ 2',/ 8"*+)()"*2 $F_JD? \EA V;K;0 '2 )* (6/ *'(%#'& 8'#7"*'()"* 2(%+-? (6/ 9'&%/2 :/#/ 

8",4'#/+ )* "#+/# (" 9)2%'&)2/ (6/ )*.&%/*8/ ". 8'#7"*'()"* "* (6/ ,/86'*)8'& 4#"4/#()/2 

$<)3%#/ FX0; 56/ #'4)+ +/8#/'2/ )* 4K +%#)*3 (6/ .)#2( ./: +'-2 ". 8%#)*3 :'2 "72/#9/+ (" 7/ 

'&,"2( )*9/#2/&- 4#"4"#()"*'& (" (6/ #'4)+ )*8#/'2/ )* 8",4#/22)9/ 2(#/*3(6? '2 )( :'2 ."# (6/ 

8'#7"*'()"* )* /*+"3/*"%2 8"*+)()"*2;  
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5" 7/ '7&/ (" 8"*8&%+/ "* (6/ )*.&%/*8/ ". 8'#7"*'()"* "* (6/ ,/86'*)8'& 4/#."#,'*8/ ". 

3/"4"&-,/#? ,/'2%#/,/*(2 ". 8",4#/22)9/ 2(#/*3(6 )* /*+"3/*"%2 8"*+)()"*2 26"%&+ 6'9/ 

7//* ,'+/; K":/9/#? (6/ "72/#9'()"* ". <)3%#/ FX 26":2 (6'( 8'#7"*'()"* +"/2 *"( 2//, (" 

6'9/ ' 6'#,.%& /../8( "9/# (),/ '2 (6/ 8",4#/22)9/ 2(#/*3(6 '&2" )*8#/'2/2 :6/* (6/ 8'#7"*'(/ 

8"*8/*(#'()"* )*8#/'2/2;  

 

 
 !"#$%&/0(&*N#!;162$01,#18#$9!#*1%!#"162$01,#&,-#.1/*%!""0;!#"$%!,7$9#H-&$&#8%1/#.9&*$!%#RJ#18#/!$&L&160,b

4&"!-#7!1*16O/!%E 
 

 

4.2. Risk of corrosion by carbonation 

 

G2 )* S>D #/)*."#8/+ 2(#%8(%#/2? ). (6/ 4K ". (6/ 4"#/ 2"&%()"* ". 3/"4"&-,/# .'&&2 7/&": \? 

(6/ 2(//& #/)*."#8/,/*(2 :)&& *" &"*3/# 7/ 4'22)9'(/+ '*+ :)&& (6/#/."#/ 2%7U/8( (" 8"##"2)"*; 

56/ '22/22,/*( ". (6/ /9"&%()"* ". (6/ 4K )* (6/ 3/"4"&-,/# 4"#/ 2"&%()"* "9/# (),/ )* 

/*+"3/*"%2 8"*+)()"*2 26":/+ (6'(? :)(6"%( '*- /B(/#*'& /B86'*3/2? (6/ 4"#/ 2"&%()"* 

2('7)&)2/+ '( ' 7'2)8)(- 2),)&'# (" (6'( ". S>D? );/; '7"9/ WF; 56)2 9'&%/ 4#/2/#9/2 (6/ 

4'22)9'()"* &'-/# ". 2(//& '*+ 4#/2/*(2 *" #)2C ". 8"##"2)"*; 

 

V/3'#+)*3 (6/ 4K /9"&%()"* :6/* (6/ 3/"4"&-,/# 4"#/ 2"&%()"*2 :/#/ 2%7U/8(/+ (" *'(%#'& 

8'#7"*'()"*? ' &"*31(/#, 2('7)&)2'()"* '( W_;E :'2 "72/#9/+ "9/# ' -/'#; 56)2 9'&%/ :"%&+ '&2" 

,')*(')* (6/ 4'22)9'()"* &'-/# "* (6/ #/)*."#8)*3 2(//&; T*+/# (6/2/ 8"*+)()"*2? :)(6 (6)2 

."#,%&'()"* '*+ %4 (" "*/ -/'#? )( :"%&+ 7/ 4"22)7&/ (" 2('(/ (6'( (6/#/ )2 *" #)2C ". 8"##"2)"* 

7- 8'#7"*'()"* )* ,/('C'"&)*17'2/+ 3/"4"&-,/#;  
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56/ ()(#'()"*2 4/#."#,/+ '*+ (6/ 4K /9"&%()"* "9/# (),/ 26":/+ (6'( (6/ 8'#7"*'()"* #/'8()"* 

)* (6/ 3/"4"&-,/# 4"#/ 2"&%()"* :)(6 *'(%#'& DSF 8"*(/*( :"%&+ "88%# )* (:" 2/4'#'(/ 46'2/2 

$286/,'()8 #/4#/2/*('()"* "* <)3%#/ FY0 ."&&":/+ 7- ' 2('7)&)2'()"* ". (6/ 4K! 

 

· Q9&"!# ' */'#&- ("('& 8'#7"*'()"* ". (6/ 4"#/ 2"&%()"* +%#)*3 (6/ .)#2( (:" ://C2 ". 

/B4"2%#/ (" '(,"246/#)8 DSF &/'+)*3 (" (6/ ."#,'()"* ". c'FDSX? '*+ ' 4K 9'&%/ ". 

'#"%*+ WF; 

· Q9&"!# _ /9"&%()"* ". (6/ 8'#7"*'(/a7)8'#7"*'(/ 46'2/ /R%)&)7#)%, #/2%&()*3 )* (6/ 

."#,'()"* ". 7)8'#7"*'(/ $W_A '( W[_ +'-20 2('7)&)2)*3 (6/ 4K '( '#"%*+ W_;E? :)(6 *" 

9)2)7&/ 86'*3/2 7/(://* 2)B ,"*(62 '*+ ' -/'#; 

 

 
 !"#$%&/1(&D.9!/&$0.#%!*%!"!,$&$01,#18#$9!#$ 1#*9&"!"#18#$9!#.&%41,&$01,#18#$9!#7!1*16O/!%#*1%!#"162$01,E 

#

N'*- 4'#',/(/#2 8'* )*.&%/*8/ (6/ #/2%&()*3 4K ". (6/2/ (:" 8'#7"*'()"* 46'2/2? (6/ ,')* 

"*/2 7/)*3 (6/ 3/"4"&-,/# ."#,%&'()"* #/&'(/+ (" (6/ ',"%*( ". '&C'&)2 4#"9)+/+ '*+ (6/ 

"#3'*)2'()"* ". (6/ 4"#"%2 */(:"#Cw (6/ #/&'()9/ 6%,)+)(-? #/&'(/+ (" (6/ :'(/# 2'(%#'()"* ". (6/ 

4"#"%2 */(:"#Cw '*+ (6/ (/,4/#'(%#/ '*+ (6/ 8'#7"* +)"B)+/ 8"*(/*( ". (6/ ')#? #/&'(/+ (" (6/ 

8'#7"*'(/a7)8'#7"*'(/ /R%)&)7#)%, 46'2/2; 56/ ."&&":)*3 2/8()"*2 :)&& 4#"9)+/ 2",/ 

6-4"(6/2/2 '7"%( (6/ ),4'8( ". (6/2/ 4'#',/(/#2 "* (6/ #)2C ". 8"##"2)"* 7- 8'#7"*'()"* ". 

3/"4"&-,/#; 

 

 R,862!,.!#18#$9!#7!1*16O/!%#81%/26&$01,##

56/ '*'&-2)2 ". (6/ =>WY;E 4"#/ 2"&%()"* 26":/+ (6/ ."#,'()"* ". Y_ 3;O1W ". 2"+)%, 

8'#7"*'(/ )* WY +'-2? 8"##/24"*+)*3 (" W_A ". (6/ )*)()'& ',"%*( ". 2"+)%, )*(#"+%8/+; L. (6/ 

."#,%&'()"* ". (6/ 3/"4"&-,/# 6'+ 6'+ ' +)../#/*( 2"+)%, 8"*(/*(? &":/# "# 6)36/#? )( )2 9/#- 
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4#"7'7&/ (6'( 8'#7"*'()"* :"%&+ 2()&& 6'9/ ('C/* 4&'8/ 7%( (6/ .)*'& 8"*8/*(#'()"* ". 2"+)%, 

8'#7"*'(/ :"%&+ 6'9/ 7//* +)../#/*(; 56%2? )( )2 (6/ )*.&%/*8/ ". (6/ 8'#7"*'(/ 8"*8/*(#'()"* 

(6'( *//+2 (" 7/ /9'&%'(/+ #/3'#+)*3 (6/ #)2C ". 8"##"2)"* 7- 8'#7"*'()"*; 5" '22/22 (6/ ),4'8( 

". (6)2 8"*8/*(#'()"* "* (6/ 4K ". (6/ 4"#/ 2"&%()"*? .)9/ 2"&%()"*2 ,'+/ .#", )*+%2(#)'& 

2"+)%, 8'#7"*'(/? 6'9)*3 8"*8/*(#'()"*2 ". W_? E_? W__? WE_ '*+ F__ 3;O1W? :/#/ ,'+/ '*+ 

(6/)# 4K :'2 ,/'2%#/+; 56/ 9'&%/2 "7(')*/+? 4#/2/*(/+ )* <)3%#/ FE? 26":/+ (6'( (6)2 4K 

)*8#/'2/+ &)*/'#&-? .#", WW;YZ (" WW;^[? :)(6 (6/ ,'22 8"*8/*(#'()"* ". 8'#7"*'(/; 56/2/ 

#/2%&(2 +/,"*2(#'(/ (6'( (6/ '&C'&) 8"*8/*(#'()"*? '*+ (6%2 (6/ )*)()'& ."#,%&'()"* ". (6/ 

3/"4"&-,/#? 6'+ '* )*.&%/*8/ "* (6/ 4K ". (6/ 4"#/ 2"&%()"*? 7%( )( '44/'#2 (6'( )( :"%&+ *"( 

&/'+ (" ' #)2C ". 8"##"2)"* 7- 8'#7"*'()"* '2 (6/ 4K 9'&%/ #/,')*/+ :/&& '7"9/ \; 

 

 
 !"#$%&/'(&*N#;!%"2"#/&""#.1,.!,$%&$01,#18#0,-2"$%0&6#S&_<Z`#"162$01,#/!&"2%!-#&$#_(T<E#

 

56/ ("('& 9"&%,/ '*+ (6/ "#3'*)2'()"* ". (6/ 4"#"%2 */(:"#C? 2(#"*3&- #/&'(/+ (" (6/ 

3/"4"&-,/# ."#,'()"*? 8"%&+ '&2" 6'9/ ' 2)3*).)8'*( )*.&%/*8/ "* 8'#7"*'()"*; G2 (6/ /*()#/ 

#/'8()"* 2(%+)/+ (""C 4&'8/ )* (6/ &)R%)+ 46'2/? (6/ )*(/#8"**/8()9)(- ". (6/ */(:"#C 4&'-/+ ' 

,'U"# #"&/ '*+? 3)9/* (6/ #'4)+)(- ". 8'#7"*'()"* "72/#9/+? &'#3/ */(:"#C 8"**/8()9)(- 8'* 7/ 

'22%,/+? '2 '&#/'+- 26":* )* D6'4(/# L ."# (6)2 ."#,%&'()"*;  

`/ #/8'&& (6'( (6/ '*'&-2/2 8'##)/+ "%( "* ' =>WY;E 3/"4"&-,/# 4'2(/ 26":/+ ' ,"*","+'& 

"#3'*)2'()"* ". (6/ 4"#"%2 */(:"#C? 8/*(#/+ "* ' 2)*3&/ '88/22 4"#/ 2)H/ '#"%*+ WE *,? ."# ' 

("('& 9"&%,/ ". Y\A; 56%2 (6/ ,"+).)8'()"* ". "*/ ". (6/2/ 4'#',/(/#2 8"%&+ '../8( (6/ 

8'#7"*'()"* #/'8()"* :)(6)* (6/ */(:"#C; K":/9/#? ). "*&- (6/ '88/22 2)H/ "# ("('& 9"&%,/ 

9'#)/2 $'2 "72/#9/+ ."# (6/ =>W^ '*+ =>F_ ."#,%&'()"*0? (6/* (6/ /../8( :)&& 7/ (6/ 2',/ '2 

4#/9)"%2&-? '*+ U%2( (6/ 8'#7"*'(/ 8"*8/*(#'()"* "# (6/ #/'8()"* C)*/()82 :)&& 7/ ),4'8(/+ 

:)(6"%( 2)3*).)8'*( )*.&%/*8/ "* (6/ 4K; S*&- (6/ #/+%8()"* ". */(:"#C )*(/#8"**/8()9)(- 8"%&+ 

6'9/ '* )*.&%/*8/ "* (6/ 4K 9'&%/? 7- )2"&'()*3 4"#()"*2 ". (6/ 4"#"2)(- .#", (6/ /B(/#)"#; b%( 
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(6)2 )*.&%/*8/ :"%&+ *"( 7/ +/(#),/*('& 2)*8/ (6/ )2"&'(/+ 4"#()"* :"%&+ *" &"*3/# 7/ 

2%7U/8(/+ (" 8'#7"*'()"*? 2" (6/ 4K :"%&+ #/,')* 6)36 /*"%36 (" ,')*(')* ' 2(//& 4'22)9'()"* 

&'-/#; 

 

 R,862!,.!#18#$9!#%!6&$0;!#92/0-0$O##

56/ #/&'()9/ 6%,)+)(- +%#)*3 (6/ 8'#7"*'()"* (/2( )2 ' ,'U"# 4'#',/(/# 2)*8/ )( +/(/#,)*/2 (6/ 

("('& ',"%*( ". :'(/# 4#/2/*( )* (6/ 4"#"%2 */(:"#C ". (6/ 3/"4"&-,/#; 56/ ("('& ',"%*( ". 

:'(/# )*.&%/*8/2 (6/ 8'#7"*'(/ 8"*8/*(#'()"* '2 :/&& '2 (6/ 4K ". (6/ 2"&%()"*; K":/9/#? '2 )(2 

),4'8( "* (6/ 4K 9'&%/ )2 "*&- #/&'(/+ (" (6/ 9'#)'()"* ". (6/ 8'#7"*'(/ 8"*8/*(#'()"*? (6/ 

2',/ 8"*8&%2)"*2 '2 4#/9)"%2&- $."# (6/ ."#,%&'()"* '*+ (6/ 4"#"%2 */(:"#C )*.&%/*8/20 8'* 

7/ +#':*? );/; (6'( (6/ #/&'()9/ 6%,)+)(- 9'#)'()"* 26"%&+ *"( &/'+ (" ' 4K 2%..)8)/*(&- &": (" 

+/4'22)9'(/ (6/ #/)*."#8)*3 2(//&; 

56%2 )* #/&'()9/ 6%,)+)(- 8&"2/# (" '8(%'& /*9)#"*,/*('& &/9/&2 $7/(://* E_A '*+ ^_A0? (6/ 

("('& ',"%*( ". :'(/# )* (6/ 3/"4"&-,/# 4"#"%2 */(:"#C :"%&+ +/8#/'2/ .#", ZEA (" F_A 

$'88"#+)*3 (" b"6/# /( '&;? F_WY0; 56)2 #/+%8()"* ". (6/ ("('& ',"%*( ". :'(/# :"%&+ #/2%&( )* 

'* )*8#/'2/ ". (6/ 8'#7"*'(/ 8"*8/*(#'()"* .#", Y_ (" WX_ 3;O1W $). )( )2 8"*2)+/#/+ (6'( (6/ 

2',/ R%'*()(- ". 8'#7"*'(/ :'2 ."#,/+0; 56)2 8"*8/*(#'()"* :"%&+ #/,')* :/&& 7/&": (6/ 

2"&%7)&)(- &),)( ". 2"+)%, 8'#7"*'(/ ". X__ 3;O1W '*+ (6/ #/2%&()*3 4K ."# (6)2 8"*8/*(#'()"* 

:"%&+ 7/ '#"%*+ WW;ZE $'88"#+)*3 (" <)3%#/ FE0; 

#

 <&%41,#-01+0-!#.1,$!,$#&,-#$!/*!%&$2%!#

L* *'(%#'& 8"*+)()"*2? )( :'2 ."%*+ (6'( (6/ 8'#7"* +)"B)+/ 8"*(/*( ,')*&- )*.&%/*8/2 46'2/ F 

". (6/ 8'#7"*'()"*; 56/ (:" ()(#'()"*2 ,'+/ '( WY '*+ W[_ +'-2 #/9/'&/+ (6'(? 7/(://* (6/2/ 

(:" (),/2? ."#,'()"* ". KDSX
1 (""C 4&'8/ )* (6/ 2"&%()"* )* '++)()"* (" (6/ DSX

F1? 26":)*3 '* 

/9"&%()"* ". (6/ 8'#7"*'(/a7)8'#7"*'(/ 46'2/ /R%)&)7#)%,;  

 

56)2 /R%)&)7#)%, 46'2/ 7/(://* 8'#7"*'(/ $*'(#"*0 '*+ 7)8'#7"*'(/ $*'68"&)(/0 :'2 2(%+)/+ 7- 

b/#*'& /( '&; )* F_WF $b/#*'& /( '&;? F_WF0? :6" 26":/+ (6'( (6/ 7)8'#7"*'(/ ."#,/+ :'2 

2(#"*3&- +/4/*+/*( "* (6/ DSF 8"*(/*( ". (6/ ')#; G88"#+)*3 (" (6/)# 8'&8%&'()"*2 $<)3%#/ FZ0? 

'( (6/ ',7)/*( 8'#7"* +)"B)+/ &/9/& $_;_X1_;_YA0 '*+ '( FEJD? (6/ /R%)&)7#)%, :"%&+ 7/ 

*/'#&- X_A ". 7)8'#7"*'(/ )* ' 2-2(/, ."#,/+ :6/* W ,"&aC3 c'SK 2"&%()"* :'2 /B4"2/+ (" 

42/%+"1"4/* 2-2(/, 3'2 /*9)#"*,/*(2 :)(6 DSF; L* '++)()"*? '2 ,/*()"*/+ )* (6/ .)#2( 4'#( ". 

(6)2 86'4(/# $<)3%#/ Y0? (6/ 2',/ 2(%+- '&2" 4")*(/+ "%( (6/ ),4"#('*8/ ". (/,4/#'(%#/ "* (6/ 

/R%)&)7#)%, 46'2/2 ". 8'#7"*'(/2; L( :'2 26":* (6'( '* )*8#/'2/ )* (/,4/#'(%#/ (" '7"9/ FEJD 



Chapter III. Carbonation of metakaolin-based geopolymer  

 

- 170 - 
 

#/2%&(/+ )* (6/ ."#,'()"* ". (#"*' $c'XK$DSX0F0 )*2(/'+ ". *'(#"* $c'FDSX0 '( *'(%#'& DSF 

8"*(/*(;&56)2 :"%&+ &/'+ (" (6/ 4#/2/*8/ ". KDSX
1 )* 2"&%()"*? '../8()*3 (6/ 4K 9'&%/;  

 

56%2 (6/ 9'&%/ ". W_A ". KDSX
1 ."%*+ )* (6/ 4"#/ 2"&%()"* /B(#'8(/+ '( W[_ +'-2 $F_JD '*+ 

*'(%#'& DSF 8"*(/*(0 2//,2 )* '3#//,/*( :)(6 (6/ &)(/#'(%#/? 2)*8/ (6/ X_A ". KDSX
1 ."%*+ )* 

b/#*'&o2 '#()8&/ 8'* #/'2"*'7&- 7/ '((#)7%(/+ (" (6/ 6)36/# (/,4/#'(%#/ ". FEJD; 

 

 
 !"#$%&/)(&Q9&"!"#H&,-#%!6&$0;!#.1,.!,$%&$01,"J#.&6.26&$!-#$1#4!#81%/!-# 9!,#'#/16[L7#S&ZN#"162$01,#0"#
!+*1"!-#$1#*"!2-1b1*!,#"O"$!/#7&"#!,;0%1,/!,$"# 0$9#<Z_#*%!"!,$#&$#-088!%!,$#.1,.!,$%&$01,"#0,#-%O#&0%:#&$#

_5T<#HC%1/#\!%,&6#!$#&E6:#_('_JE 
 

<%#(6/#,"#/? )* "#+/# (" /2(),'(/ (6/ ),4'8( ". (6)2 46'2/ /R%)&)7#)%, /9"&%()"* "* (6/ 4K ". 

(6/ 4"#/ 2"&%()"*? 4K ,/'2%#/,/*(2 :/#/ 4/#."#,/+ "* #/./#/*8/ 2"&%()"*2 ,'+/ .#", 

)*+%2(#)'& 2"+)%, 8'#7"*'(/ '*+ 7)8'#7"*'(/2; 5/* 2"&%()"*2 '( W_ 3;O1W ". 2"+)%, 8'#7"*'(/ 

:/#/ ,'+/? :)(6 9'#)'7&/ 2"+)%, 7)8'#7"*'(/ 2%72()(%()"*2 #'*3)*3 .#", _A (" W__A? /9/#- 

W_A; 56/ 4K 9'&%/2 ,/'2%#/+ '( F_JD 9/#2%2 (6/ 7)8'#7"*'(/ 2%72()(%()"* #'(/ '#/ 4#/2/*(/+ 

)* <)3%#/ F^; 

 

S72/#9'()"* ". (6/ 4K 9'&%/2 9/#2%2 7)8'#7"*'(/ 2%72()(%()"* #'(/ 8&/'#&- 6)36&)36(2 (6/ 

)*.&%/*8/ ". (6/ 7)8'#7"*'(/ 8"*8/*(#'()"* "* (6/ 7'2)8)(- ". (6/ 2"&%()"*; 56/ 6)36/# 4K 

8"##/24"*+2 (" (6/ 2"&%()"* 8"*(')*)*3 "*&- 2"+)%, 8'#7"*'(/ $2',/ 9'&%/ '2 )* <)3%#/ FE ."# 

(6/ 2"&%()"* '( W_ 3;O1W0 '*+ (6/ ,"#/ (6/ 7)8'#7"*'(/ 8"*(/*( )*8#/'2/2? (6/ ,"#/ (6/ 4K 9'&%/ 

+/8#/'2/2? #/'86)*3 [;E ."# (6/ 2"&%()"* ,'+/ "*&- :)(6 2"+)%, 7)8'#7"*'(/; L( :'2 

4'#()8%&'#&- "72/#9/+ (6'(? ."# ' 2"+)%, 7)8'#7"*'(/ 8"*(/*( ". W_A? ' 4K 2),)&'# (" (6/ W_;E 

,/'2%#/+ ."# (6/ 4"#/ 2"&%()"* /B(#'8(/+ '( W[_ +'-2 :'2 "7(')*/+;  
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56%2 (6/ 7'&'*8/ 7/(://* (6/ 8'#7"*'(/ '*+ 7)8'#7"*'(/ '44/'#2 (" 6'9/ ('C/* 2)B ,"*(62 (" 

2('7)&)2/; G2 ' 4K ". W_;E :'2 '&2" ,/'2%#/+ '( "*/ -/'#? )( )2 6)36&- 4#"7'7&/ (6'( *" 

/9"&%()"* (""C 4&'8/ )* (6/ 8'#7"*'(/ 46'2/ /R%)&)7#)%, 7/(://* Z ,"*(62 '*+ ' -/'#? :6)86 

:"%&+ ),4&- (6'( (6)2 4K :)&& 7/ ,')*(')*/+ "9/# (),/; ]" (6/#/ :"%&+ 7/ *" #)2C ". 8"##"2)"* 

7- 8'#7"*'()"* )* (6/ ,/('C'"&)*17'2/+ 3/"4"&-,/# 2(#%8(%#/ '( *'(%#'& DSF 8"*(/*( '*+ 

F_JD;  

 

%%%%%%%%%%%%%%%% %
 !"#$%&/*(&*N#18#.&%41,&$![40.&%41,&$!#/0+$2%!#H'(7E)b'J#*%!*&%!-#8%1/#*2%!#*%1-2.$#-!*!,-0,7#1,#$9!#

40.&%41,&$!#.1,$!,$#H&$#_(T<JE#

 

 

L* 8"*(#'2(? /B4"2%#/ (" '* '(,"246/#/ :)(6 '* '#().)8)'&&- #')2/+ 8'#7"* +)"B)+/ 8"*8/*(#'()"* 

&/+ (" 6)36/# 7)8'#7"*'(/ #'(/2? 2" +)../#/*( 8"*8&%2)"*2 '7"%( 8"##"2)"* ,'- 7/ ."%*+ %*+/# 

'88/&/#'(/+ (/2()*3; 56/ /B4"2%#/ (" E_A ". DSF )* (6/ ')# ."#,/+ X[A ". 2"+)%, 7)8'#7"*'(/ 

)* (6/ 4"#/ 2"&%()"* )* WY +'-2? ' 8"*8/*(#'()"* :6)86 :"%&+ 8"##/24"*+ (" ' 4K &":/# (6'* 

W_ '88"#+)*3 (" <)3%#/ F^; 56/ %2/ ". '88/&/#'(/+ (/2(2 (6/#/."#/ 86'*3/2 (6/ 8'#7"*'(/2 46'2/ 

/R%)&)7#)%, 8",4&/(/&-? '2 ."%*+ 7- b/#*'& /( '&;? &/'+)*3 (" '7*"#,'&&- &": 4K (6'( )2 *"( 

#/4#/2/*('()9/ ". (6/ #/'8()"* %*+/# *'(%#'& 8"*+)()"*2; e%/ (" (6/ +#- '(,"246/#/ $E_A V;K;0 

)* (6/ E_A DSF 86',7/#? *" /B(#'8()"* 8"%&+ 7/ '86)/9/+ 7/-"*+ WY +'-2; L( 8'* */9/#(6/&/22 

7/ ),'3)*/+ (6'(? ). (6/ '88/&/#'(/+ (/2()*3 6'+ 7//* 8"*()*%/+ "9/# ' -/'#? '2 )2 (6/ 8'2/ ."# 

S>D? )( 8"%&+ 6'9/ &/+ (" ' 2%..)8)/*(&- &": 4K (" +/4'22)9'(/ (6/ #/)*."#8/,/*( 2(//& 

$c'KDSX 8"*(/*( x [_A0; 
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56/ 2',/ 8"*8&%2)"* 8'* 7/ +#':* #/3'#+)*3 (6/ 8%#)*3 (/,4/#'(%#/; L*8#/'2)*3 (6/ 

(/,4/#'(%#/ :"%&+ '&2" )*8#/'2/ (6/ 7)8'#7"*'(/ 8"*(/*(? :6)86 :"%&+ ),4&- ' +/8#/'2/ )* (6/ 

4K 9'&%/; L. (6/ +'(' "7(')*/+ )* (6)2 2(%+- '#/ 8",4'#/+ :)(6 (6"2/ ". (6/ 8'&8%&'()"* 7- 

b/#*'& /( '&;? ' (/,4/#'(%#/ )*8#/'2/ .#", F_JD (" FEJD :"%&+ #/2%&(2 )* '* )*8#/'2/ ". (6/ 

7)8'#7"*'(/ 8"*(/*( .#", W_A (" X_A? &/'+)*3 (" ' 4K ". '7"%( W_ )*2(/'+ ". W_;E; 56/ 

/B4"2%#/ (" /9/* 6)36/# (/,4/#'(%#/ 8"%&+ #/2%&(? )* (6/ :"#2( 8'2/? )* ' 4K '&&":)*3 

8"##"2)"* 7- 8'#7"*'()"*; <"# .%#(6/# )*9/2()3'()"*2? ' 2(%+- "* (6/ '8(%'& ),4'8( ". 

(/,4/#'(%#/ "* (6/ 4K ". (6/ 4"#/ 2"&%()"* :"%&+ 7/ */8/22'#-? )* "#+/# (" +/(/#,)*/ (6/ 

(/,4/#'(%#/ .#", :6)86 (6/ #)2C ". 8"##"2)"* +%/ (" 8'#7"*'()"* :"%&+ '44/'#; 

 

4.3. Fate of the alkali carbonates formed 

 

L* '++)()"* (" 4#"9)+)*3 )*."#,'()"* '7"%( (6/ 7)8'#7"*'(/ 8"*(/*(? (6/ ()(#'()"*2 4/#."#,/+ '( 

WY '*+ W[_ +'-2 26":/+ ' 2)3*).)8'*( +/8#/'2/ )* (6/ 8"*8/*(#'()"* ". 2"+)%, 8'#7"*'(/? .#", 

Y_ 3;O1W (" WF 3;O1W; 56/ 86/,)8'& '*'&-2)2 8'##)/+ "%( )* 86'4(/# L 6'+ 26":* *" 86'*3/ )* (6/ 

3/"4"&-,/# 8",4"2)()"* "9/# (),/? 2" (6)2 +/8#/'2/ 8'**"( 7/ '((#)7%(/+ (" '* )*8"#4"#'()"* 

". 8'#7"*'(/ )* (6/ 2(#%8(%#/ +%#)*3 (6"2/ 2)B ,"*(62; 56/ 46/*",/*"* (6'( '44/'#2 ,"2( 

&)C/&- (" /B4&')* (6)2 +/8#/'2/ )* '&C'&)*/ 8"*(/*( :"%&+ 7/ &/'86)*3; 56/ (/2(2 7/)*3 8'##)/+ 

"%( )* ' 6%,)+ '(,"246/#/? )( )2 4"22)7&/ (6'(? "*8/ (6/ 2"&%()"* )2 .%&&- 8'#7"*'(/+? (6/ '&C'&)2 

'#/ 7#"%36( (" (6/ 2%#.'8/ 7- ' 8"*8/*(#'()"* 3#'+)/*(? '((#'8(/+ 7- (6/ :'(/# "* (6/ 2',4&/ 

2%#.'8/; 56)2 :"%&+ 8'%2/ ' &/'86)*3 ". '&C'&) 8'#7"*'(/2;  

G2 ."# (6/ ,/86'*)8'& 2(#/*3(6? (6)2 &/'86)*3 +"/2 *"( +','3/ (6/ 3/"4"&-,/# 2(#%8(%#/? 7%( 

,)36( 7/ ' 2"%#8/ ". 4"(/*()'& 4#"7&/,2? 2%86 '2 8#-2('&&)2'()"* ". (6/ 8'#7"*'(/2 )* (6/ ."#, 

". /..&"#/28/*8/; 
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This study of geopolymer pore solution over time, in different conditions, has highlighted 

the different stages of carbonation in the metakaolin-based geopolymer. It has thus been 

shown that the solution in the pores of the geopolymer is almost completely carbonated 

in only two weeks, followed by an evolution in the phase equilibrium of sodium 

carbonate and then a stabilisation after the first six months of curing. It was concluded 

that the carbonation reaction had an important influence on the pH of the pore solution, 

which, in standard conservation conditions, does not result in the depassivation of 

reinforcing steel. It was finally determined that the only parameters that could cause 

corrosion by carbonation would be an increase of the CO2 content in the air or a 

significant increase of the temperature. However, the risk of efflorescence related to the 

very high alkali content needs to be assessed. 
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E7%P88.0)&"2&'2&%08%$&/*<*0.,'@;*"&1%=&050.>$&)%

 

Q..&"#/28/*8/ +"/2 *"( 8"*2()(%(/ ' #/'& +%#'7)&)(- 4#"7&/, ."# S>D 8"*8#/(/ 2(#%8(%#/2; 

K":/9/#? )( 8'%2/2 2/#)"%2 '/2(6/()8 4#"7&/,2? :6)86 '#/ *": :/&& 8"*(#"&&/+ (6'*C2 (" (6/ 

%2/ ". '*()1/..&"#/28/*8/ '3/*(2; G2 26":* )* D6'4(/# LL? (6/ ,/('C'"&)*17'2/+ 3/"4"&-,/# 

2-2(/, )2 '&2" 2%7U/8( (" (6/2/ 4#"7&/,2? :6)86 )* 2",/ 8'2/2 $7/',20 8'* /9/* &/'+ (" 

2%#.'8/ +','3/; G&(6"%36 (6/ 2(%+- ". (6/ 8'#7"*'()"* ". (6/ 4"#/ 2"&%()"* 8'* /B4&')* (6/ 

46/*",/*"* #/24"*2)7&/ ."# (6)2 /..&"#/28/*8/? '* )*9/2()3'()"* ". 6": (6/2/ 8#-2('&2 3#": )2 

*//+/+; 

L* (6)2 2/8()"* ". (6/ 3/"4"&-,/# 8'#7"*'()"* 2(%+-? (6/ '),2 :/#/ (" )+/*().- (6/ 

/..&"#/28/*8/ ."#,/+ '*+ +/(/#,)*/ (6/)# ."#,'()"* C)*/()82 '*+ (6/ 4'#',/(/#2 )*.&%/*8)*3 

(6)2 3#":(6; 56/ 8#-2('&2 ."#,/+ %*+/# *'(%#'& 8"*+)()"*2 '*+ ' 8"*8/*(#'(/+ DSF '(,"246/#/ 

:/#/ (6%2 86'#'8(/#)2/+ 7- zVe '*+ LV 24/8(#"28"4-; e)../#/*( 8%#)*3 8"*+)()"*2? 

."#,%&'()"*2 '*+ '*()1/..&"#/28/*8/ '3/*(2 ."# S>D :/#/ '&2" (/2(/+ )* 2/,)1),,/#2)"* (" 

9)2%'&&- 8",4'#/ (6/)# /../8(2 "* (6/ /..&"#/28/*8/; 56)2 *"*1/B6'%2()9/ 2(%+-? 7'2/+ "* 

9)2%'& "72/#9'()"*2? 4#"9)+/+ .%#(6/# )*."#,'()"* "* (6/ 8'#7"*'()"* ". 3/"4"&-,/# '*+ 

#/8",,/*+'()"*2 '#/ 3)9/* ."# #/+%8)*3 (6/ 4#"7&/,2 '22"8)'(/+ :)(6 /..&"#/28/*8/ '2 ,%86 

'2 4"22)7&/; 

1. Characterisation of efflorescence 

1.1. In natural CO2 environment 

 

L* "#+/# (" )*+%8/ (6/ 8#-2('& 3#":(6 ". /..&"#/28/*8/ '*+ .%#*)26 ' 2%..)8)/*( R%'*()(- ."# 

'*'&-2)2? ' 3/"4"&-,/# 4'2(/ 4#)2, ". (6/ 2',/ 2)H/ '2 4#/9)"%2&- :'2 4&'8/+ )* 2/,)1

),,/#2)"* $4#)*8)4&/ 4#/2/*(/+ )* (6/ */B( 2/8()"*0; 56)2 (/2( :'2 4/#."#,/+ "* 3/"4"&-,/# 

C/4( )* *'(%#'& 8'#7"*'()"* 8"*+)()"*2 $'( F_JD '*+ \E A V;K;0 ."# ^ +'-2? 2)*8/ )( 6'+ 7//* 

26":* (6'( ' ://C :'2 2%..)8)/*( (" '&,"2( 8",4&/(/&- 8'#7"*'(/ (6/ 4"#/ 2"&%()"*; G.(/# ' 

://C ". 2/,)1),,/#2)"* (/2( )* ' 8"*+)()"*)*3 #"", '( F_JD '*+ E_A V;K;? ' 2%..)8)/*( 

R%'*()(- ". 8#-2('&2 :'2 8"&&/8(/+ (" 4/#."#, (6/ '*'&-2)2; 56/ 86'#'8(/#)2()82 ". (6/ 

/..&"#/28/*8/ ."#,/+ :/#/ +/(/#,)*/+ 7- zVe '*+ LV 24/8(#"28"4- '.(/# 8#%26)*3 (6/ 

8#-2('&2 #/8"9/#/+ "* (6/ 2%#.'8/ ". (6/ 3/"4"&-,/# (" &/22 (6'* Y_�,; 56/ zVe 4'((/#* 

"7(')*/+ )2 4#/2/*(/+ )* <)3%#/ F[ '*+ LV 24/8(#%, )* <)3%#/ F\; 
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 !"#$%&/+(&s]g#*&$$!%,#18#!8861%!".!,.!#81%/!-#2,-!%#,&$2%&6#<Z_#!,;0%1,/!,$#&$#_(T<#&,-#5(n#]ENE#B66#$9!#

*!&L"# !%!#0-!,$080!-#&"#S&_<Z`EN_Z#HQgC#k#(3b(VV3J#!+.!*$#81%#&#K2&%$l#*!&L#,1$!-#HYJE#
 

56/ #/2%&(2 ". (6/ ,)*/#'&"3)8'& '*'&-2)2 26":/+ (6/ '&,"2( /B8&%2)9/ 4#/2/*8/ ". 2"+)%, 

8'#7"*'(/ ,"*"6-+#'(/ $c'FDSX;KFS? >":+/# e)..#'8()"* <)&/ $>e<0 � _[1_YY[0; r%2( "*/ 

4/'C 86'#'8(/#)2()8 ". R%'#(H $� )* <)3%#/ F[0 :'2 '&2" ."%*+ "* (6)2 4'((/#*? 4#"7'7&- 

"#)3)*'()*3 .#", '* ),4%#)(- )*8&%+/+ +%#)*3 (6/ #/8"9/#- ". (6/ 8#-2('&2; 56/ )*.#'#/+ 

24/8(#%, :'2 8",4'#/+ :)(6 (6/ 24/8(#%, ". 4%#/ 8#-2('&2 ". 2"+)%, 8'#7"*'(/ $)*+%2(#)'& 

4#"+%8(0 "7(')*/+ :)(6 (6/ 2',/ '44'#'(%2? )* "#+/# (" )+/*().- (6/ /..&"#/28/*8/ ."#,/+; 56)2 

8",4'#)2"*? 4#/2/*(/+ )* <)3%#/ F\? 8"*.)#,2 (6/ ."#,'()"* ". 2"+)%, 8'#7"*'(/ )* (6/ *'(%#'& 

DSF /*9)#"*,/*(? '2 (6/ (:" 24/8(#' '44/'# (" 7/ 9/#- 2),)&'#; G 2&)36( 26).( (":'#+ (6/ &":/# 

:'9/&/*3(6 ."# (6/ (#'*2,)22)"*2 ,/'2%#/+ ."# (6/ /..&"#/28/*8/2? '*+ (6/ 4#/2/*8/ ". ' 

9)7#'()"* 7'*+ '#"%*+ WZE_ 8,1W :/#/? 6":/9/#? *"(/+; 56)2 46/*",/*"* 8'* 7/ /B4&')*/+ 

7- (6/ .'8( (6'(? %*&)C/ (6/ 4%#/ 4#"+%8(? (6/ c'FDSX 8#-2('&2 ."#,/+ :/#/ 6-+#'(/+ 

$8"*.)#,/+ 7- (6/ ,"*"6-+#'(/ 2(#%8(%#/ ."%*+ 7- zVe0; 

 
 !"#$%&/,(&&R,8%&%!-#"*!.$%&#18#*2%!#S&_<Z`#.%O"$&6"#&,-#!8861%!".!,.!#%!"0-2!"#.166!.$!-#1,#7!1*16O/!%#*&"$!#.2%!-#&$#

,&$2%&6#<Z_#.1,.!,$%&$01,#H_(T<#&,-#A5n#]ENEJE#
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1.2. In high CO2 environment 

 

QB'8(&- (6/ 2',/ (/2( 4#"8/+%#/ :'2 8'##)/+ "%( 6/#/? /B8/4( (6'( (6/ 8%#/ ."# ^ +'-2 '*+ (6/ 

2/,)1),,/#2)"* (/2( :/#/ 8"*+%8(/+ %*+/# ' 6)36 DSF 8"*8/*(#'()"* ". E_A; 56/ 8#-2('&2 

."#,/+ :/#/ 9)2%'&&- 2),)&'# (" (6"2/ ."%*+ )* ' *'(%#'& '(,"246/#/? '*+ 4#/2/*( )* '* 

/R%)9'&/*( ',"%*(; 56/- :/#/ '&2" 8#%26/+ (" &/22 (6'* Y_�, '*+ '*'&-2/+ 7- zVe '*+ LV 

24/8(#"28"4-; 56/ zVe 4'((/#* "7(')*/+ )2 4#/2/*(/+ )* <)3%#/ X_; S*&- "*/ 8",4"%*+ :'2 

)+/*().)/+ "* (6)2 4'((/#* 8"##/24"*+)*3 (" *'68"&)(/ $c'KDSX? $>e<0 � WE1_^__0; K":/9/#? 

'&(6"%36 '&& (6/ "72/#9/+ 4/'C2 :/#/ ."%*+ '( (6/ +)..#'8()"* '*3&/ 8"##/24"*+)*3 (" 

*'68"&)(/? (6/ )*(/*2)(- ". (6/ 4/'C2 +)+ *"( 8"##/24"*+ (" (6/ >e< .)&/; 56%2 (6/ 4/'C ,'#C/+ 

:)(6 (6/ � "* <)3%#/ X_ 26":2 '* '7*"#,'&&- 6)36 )*(/*2)(-; 56)2 46/*",/*"* 8"%&+ )*+)8'(/ 

(6'( (6/ '33#/22)9/ 8"*+)()"* ". (6)2 /*9)#"*,/*( &/+ (" 8#-2('&&)2'()"* :)(6 ' +)../#/*( 

"#)/*('()"* "#3'*)2'()"*;  

 

 
 !"#$%&0.(&&s]g#*&$$!%,#18#!8861%!".!,.!#81%/!-#2,-!%#&,#&$/1"*9!%!#&$#5(n#18#<Z_:##_(T<#&,-#5(n#]EN:#

 9!%!#&66#$9!#*!&L"# !%!#0-!,$080!-#&"#S&N<Z`#HQgC#k#'5b(X((JE#HYJ#0-!,$080!"#$9!#*!&L#&$#'((n#&$#_θ#18#`5E`E#
 

 

L* "#+/# (" 8"*.)#, (6/ ."#,'()"* ". 7)8'#7"*'(/ )* '88/&/#'(/+ 8"*+)()"*2? (6/ )*.#'#/+ 

24/8(#%, #/8"#+/+ ."# (6/ 8"&&/8(/+ /..&"#/28/*8/ :'2 8",4'#/+ (" (6'( ". 4%#/ )*+%2(#)'& 

8#-2('&2 ". c'KDSX; 56/ (:" 24/8(#' 4#/2/*(/+ )* <)3%#/ XW 26": 9)7#'()"* 7'*+2 '( (6/ 2',/ 

:'9/&/*3(6 ."# 7"(6 8",4"%*+2; S*&- (6/ ,/'2%#/+ )*(/*2)()/2 9'#-? (6"2/ ."# (6/ 

/B4/#),/*('& /..&"#/28/*8/ 7/)*3 6)36/# (6'* ."# (6/ 8",,/#8)'& 4#"+%8(; 56)2 '*'&-2)2 (6%2 

8"*.)#,2 (6/ #/2%&(2 "7(')*/+ 7- zVe 7- +/,"*2(#'()*3 (6'(? %*+/# '* '(,"246/#/ :)(6 E_A 

". 8'#7"* +)"B)+/? (6/ /..&"#/28/*8/ ."#,/+ )2 8",4"2/+ ". 2"+)%, 7)8'#7"*'(/2; 
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 !"#$%&0-(&R,8%&%!-#"*!.$%&#18#*2%!#S&N<Z`#.%O"$&6"#&,-#!8861%!".!,.!#%!"0-2!"#.166!.$!-#1,#7!1*16O/!%#*&"$!#

.2%!-#&$#5(n#18#<Z_#H_(T<#&,-#5(n#]ENEJE#
 

56/ 86'#'8(/#)2'()"* ". (6/ 8#-2('&2 ."#,/+ )* *'(%#'& '*+ '88/&/#'(/+ 8"*+)()"*2 (6/#/."#/ 

8"*.)#,2 (6/ #/2%&(2 ". (6/ 4#/9)"%2 2/8()"*? 26":)*3 (6'( (6/ )*8#/'2/+ DSF 8"*(/*( )* (6/ ')# 

&/'+2 (" ' +)../#/*( 8'#7"*'()"* #/'8()"* 4#"+%8(; K":/9/#? *" 2)3*).)8'*( /../8( :'2 "72/#9/+ 

"* (6/ 3#":(6 ". /..&"#/28/*8/ 7/(://* (6/2/ (:" 8"*+)()"*2; 

 

2. Observation of the efflorescence growth 

 

2.1. Principle of capillary rise test 

 

L* "#+/# (" 4#"9"C/ /..&"#/28/*8/? 8'4)&&'#- #)2/ (/2(2 :/#/ 8'##)/+ "%(; 56/ 4#)*8)4&/ ". (6)2 

(/2( )2 286/,'()8'&&- #/4#/2/*(/+ )* <)3%#/ XF; G( (),/ ( M _ $' )* <)3%#/ XF0 (6/ 8'#7"*'(/+ 

3/"4"&-,/# 4'2(/? 6'9)*3 )(2 4"#/ 2"&%()"* 8"*8/*(#'(/+ )* DSX
F1 '*+ c'| 24/8)/2? )2 4&'8/+ )* 

%&(#'4%#/ :'(/#; b- 8'4)&&'#- '8()"* 9)' (6/ 4"#"%2 */(:"#C ". (6/ 3/"4"&-,/#? (6/ '&C'&) 

8'#7"*'(/2 ,)3#'(/+ (" (6/ ("4 ". (6/ 2',4&/ $70? '*+ (6/* 3#'+%'&&- ,"9/ (" (6/ /B(/#*'& 

2%#.'8/ $80; S*8/ )* 8"*('8( :)(6 (6/ ')#? (6/ :'(/# ". (6/ 4"#/ 2"&%()"* /9'4"#'(/2 '*+ (6/ 

'&C'&) 8'#7"*'(/2 8#-2('&&)2/ &"8'&&- $+0;  

 

L* "#+/# (" "7(')* 8",4'#'7&/ "72/#9'()"*2 ". (6/ /..&"#/28/*8/2 ."#,/+? (6/ 2',/ 4#"("8"& 

:'2 %2/+ )* '&& (6/ 2(%+-! 3/"4"&-,/# 4'2(/2 :/#/ 8'2( )*(" 8-&)*+#)8'& ,"%&+2 ". XX ,, 

+)',/(/# '*+ E_ ,, 6/)36(; G.(/# FY6? '&& 2',4&/2 :/#/ +/,"%&+/+ '*+ 4&'8/+ %*+/# *'(%#'& 

8'#7"*'()"* '( F_JD '*+ \EA V;K; ."# 2/9/* +'-2? (6/* (/2(/+; 
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 !"#$%&0/(#D.9!/&$0.#%!*%!"!,$&$01,#18#$9!#*%0,.0*6!#18#$9!#.&*066&%O#%0"!#$!"$E#

 

2.2. Efflorescence kinetics 

 

5" ."&&": (6/ ."#,'()"* ". /..&"#/28/*8/? ' ,"*)("#)*3 8',/#' $<)3%#/ WW0 :'2 4#"3#',,/+ 

(" 46"("3#'46 (6/ 2%#.'8/ ". ' 3/"4"&-,/# 2',4&/? 4&'8/+ )* 2/,)1),,/#2)"*? /9/#- E 

,)*%(/2; 56)2 3/"4"&-,/# 4'2(/? 6'9)*3 (6/ ."#,%&'()"* =>WY;E? :'2 8'2( )*(" ' 8-&)*+#)8'& 

,"%&+ ". XX ,, +)',/(/# '*+ E_ ,, 6/)36( '*+ :'2 C/4( )* *'(%#'& 8'#7"*'()"* 8"*+)()"*2 

$F_JD '*+ \EA V;K;0 ."# 2/9/* +'-2 7/."#/ 7/)*3 4&'8/+ )* (6/ +/9)8/; 56/ 2/,)1),,/#2)"* 

:'2 8'##)/+ "%( :)(6 %&(#'4%#/ :'(/# '*+ (6/ 8&),'()8 86',7/# :'2 2/( '( ' (/,4/#'(%#/ ". 

F_JD '*+ ' #/&'()9/ 6%,)+)(- ". E_A; 

 

56/ 46"("3#'462 "7(')*/+ 26":/+ *" 86'*3/ )* (6/ 2%#.'8/ ". (6/ 2',4&/ +%#)*3 (6/ .)#2( FY 

6"%#2 ". 2/,)1),,/#2)"*? '2 8'* 7/ 2//* )* (6/ .)#2( ),'3/ ". <)3%#/ XX; L( :'2 "72/#9/+ (6'( 

(6/ .)#2( 8#-2('&2 '44/'#/+ '.(/# XW 6"%#2 ". 2/,)1),,/#2)"* $2/8"*+ ),'3/0? ."&&":/+ 7- ' 

.'2( )*8#/'2/ ". (6)2 8#-2('&&)2'()"*; G2 8'* 7/ 2//* "* (6/ (6)#+? ."%#(6 '*+ .).(6 ),'3/2? ('C/* 

'( XF? XY '*+ Y_ 6"%#2 ". 2/,)1),,/#2)"*? (6/2/ 8#-2('&2 +/9/&"4/+ 9/#- .'2(? '&,"2( 

8",4&/(/&- 8"9/#)*3 (6/ 2%#.'8/ )* &/22 (6'* \ 6"%#2 '.(/# (6/ .)#2( '44/'#'*8/; <)*'&&-? )( :'2 

"72/#9/+ (6'(? '.(/# Y[ 6"%#2 ". (/2()*3? (6/ 8#-2('&2 7/3'* (" +/(/#)"#'(/ (6/ 2',4&/ 2%#.'8/ 7- 

4//&)*3 ' 4"#()"* ". (6/ 2',4&/ 8/*(#/ $2)B(6 ),'3/ "* <)3%#/ XX0; 

 

L( '44/'#/+ (6'( (6/ 8#-2('& 3#":(6 +)+ *"( "88%# )* ' 24/8).)8 &"8'()"* 7%( #'(6/# %*)."#,&- 

"9/# (6/ 2',4&/ 2%#.'8/? 2%33/2()*3 ' 6","3/*/"%2 +)2(#)7%()"* ". (6/ 4"#"%2 */(:"#C? /B8/4( 

."# (6/ 8/*(#'& '#/'; L( :'2 "72/#9/+ (6'( 8#-2('&2 )* (6)2 '#/' ."#,/+ &'(/#? '#"%*+ Y_ 6 '.(/# 

(6/ 7/3)**)*3 ". (6/ ),,/#2)"*? :6)&/ '&& "(6/# 8#-2('&2 '44/'#/+ '.(/# "*&- XW 6; N"#/"9/#? )( 

:'2 )* (6)2 2',/ '#/' (6'( (6/ 4//&)*3 :'2 "72/#9/+ '.(/# Y[6 ". (/2()*3 $2)B(6 4)8(%#/ )* 

<)3%#/ XX0; 56)2 8"%&+ )*+)8'(/ ' &":/# "# ,"#/ 8&"2/+ 4"#"2)(- )* (6)2 '#/'? :6)86 :"%&+ 

4#"9"C/ 2%7.&"#/28/*8/ $/..&"#/28/*8/ %*+/# (6/ 2%#.'8/0 8'%2)*3 (6/ +/(/#)"#'()"*; 



Chapter III. Carbonation of metakaolin-based geopolymer  

 

- 179 - 
 

 

56/2/ #/2%&(2 2%33/2( (6'(? %*+/# .'9"%#'7&/ 8"*+)()"*2? (6/ '44/'#'*8/ ". /..&"#/28/*8/ "* 

(6/ 2%#.'8/ ". ' ,/('C'"&)*17'2/+ 3/"4"&-,/# 4'2(/ :"%&+ 7/ .'2( '*+ %*)."#,&- +)2(#)7%(/+? 

'*+ (6'( (6/ 2%#.'8/ 8"*+)()"* :"%&+ '../8( (6/ '44/'#'*8/ ". +','3/; 

 

 

  

24h 31h 

  

32h 34h 

  

40h 48h 
 !"#$%&00(#Q91$17%&*9"#18#$9!#"2%8&.!#18#&#@Q'VE5#7!1*16O/!%#*&"$!#*6&.!-#0,#"!/0b0//!%"01,#0,#26$%&*2%!#

 &$!%#&$#_(T<#&,-#5(n#]ENE#&8$!%#_V9:#`'9:#`_9:#`V9:#V(9:#&,-#V39E#
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2.3. Parameters influencing efflorescence growth 

 

L* (6/ :"#C #/4"#(/+ )* (6)2 2/8()"*? 2/9/#'& 4'#',/(/#2 (6'( 8"%&+ )*.&%/*8/ (6/ 3#":(6 ". (6/ 

/..&"#/28/*8/ 8#-2('&2 :/#/ 2(%+)/+? %2)*3 (6/ 8'4)&&'#- #)2/ (/2(; 56/ )*.&%/*8/ ". (6/ 2%#.'8/ 

8"*+)()"*? 8%#)*3 (/,4/#'(%#/ '*+ (6/ 3/"4"&-,/# ."#,%&'()"* :/#/ /9'&%'(/+ 7- 9)2%'& 

"72/#9'()"* ". (6/ /..&"#/28/*8/ '.(/# 2/9/* +'-2 ". *'(%#'& 8'#7"*'()"* ."&&":/+ 7- 2/9/* 

+'-2 ". 2/,)1),,/#2)"*; 56/ '), ". (6/2/ (/2(2 :'2 (" ),4#"9/ (6/ C*":&/+3/ ". (6)2 3#":(6 

(" 7/((/# '*()8)4'(/ )(2 +/9/&"4,/*(; L* '++)()"*? 2/9/#'& 4#"+%8( '++)()"*2? C*":* (" 2&": 

3#":(6 )* '&C'&)1'8()9'(/+ ,'(/#)'&2 "# )* S>D? :/#/ (/2(/+ (" /9'&%'(/ (6/)# '8()"* "* 

,/('C'"&)*17'2/+ 3/"4"&-,/#; 

 

D2%8&.!#0,862!,.!#

5" '22/22 (6/ /../8( ". (6/ 2%#.'8/ "* (6/ 3#":(6 ". /..&"#/28/*8/? (6#// 24/8),/*2 ". (6/ 2',/ 

2)H/ '*+ 2',/ ."#,%&'()"* :/#/ ,'+/? '*+ "*&- (6/ 2%#.'8/ 8"*+)()"* ". (6/ ("4 ". (6/ 

8-&)*+/# :'2 ,"+).)/+; 56/ .)#2( $' "* <)3%#/ XY0 6'+ )(2 %44/# 2%#.'8/ +#)/+ )* (6/ "4/* ')# 

+%#)*3 (6/ .)#2( FY 6"%#2 ". 8%#)*3? :6)&/ (6/ 2/8"*+ :'2 4#"(/8(/+ .#", '*- /B86'*3/2 +%#)*3 

(6/ 2',/ 4/#)"+ $7 "* <)3%#/ XY0; 56/ &'2( 24/8),/* 6'+ 6'&. ". )(2 %44/# 2%#.'8/ +#)/+ )* "4/* 

')# '*+ (6/ "(6/# 6'&. +#)/+ :)(6"%( /B86'*3/2 $8 "* <)3%#/ XY0; 

 
 !"#$%&01(#?8861%!".!,.!#14"!%;&$01,#1,#$9!#"2%8&.!#18#&#@Q'VE5#7!1*16O/!%#*&"$!# 9!,#$9!#"2%8&.!# &"#-%0!-#
-2%0,7#$9!#80%"$#_V#912%"W#&J#0,#$9!#1*!,#&0%:#4J#2,-!%#*%1$!.$01,#1%#.J#5(n#0,#$9!#1*!,#&0%#HkJ#&,-#5(n#2,-!%#

*%1$!.$01,#HYJE#
 

L* (6/ .)#2( 8'2/? (6/ 2',/ "72/#9'()"* '2 4#/9)"%2&- ,'+/ :'2 "7(')*/+? );/; %*)."#, 

8#-2('&&)2'()"* (6#"%36"%( (6/ "4/*1')#1+#)/+ 2%#.'8/; D"*8/#*)*3 (6/ 2%#.'8/ 8%#/+ %*+/# 

4#"(/8()"*? (6/ /..&"#/28/*8/ :'2 "72/#9/+ (" 7/ &"8'(/+ "* (6/ "%(/# 4'#(2; <)*'&&-? (6/ (6)#+ 

24/8),/* #/9/'&/+ 2)3*).)8'*(&- 6)36/# 8#-2('&&)2'()"* "* (6/ 2%#.'8/ +#)/+ )* (6/ "4/* ')# (6'* 

"* (6/ 2%#.'8/ C/4( :)(6"%( /B86'*3/2 +%#)*3 (6/ .)#2( FY6 ". 8%#/; 
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56/2/ #/2%&(2 (6/#/."#/ 2%33/2(/+ (6'( (6/ 2%#.'8/ +#)/+ %*+/# 4#"(/8()"* :"%&+ 6'9/ ' ,"#/ 

8&"2/+ 4"#"2)(- :6)86 :"%&+ *"( '&&": (6/ ,)3#'()"* ". '&C'&) "%(:'#+2? 8"*(#'#- (" (6/ 

2%#.'8/ +#)/+ )* (6/ "4/* ')#;  

 

56/2/ #/2%&(2 2%33/2( (6'(? %*&)C/ (6/ 2%#.'8/ +#)/+ )* (6/ "4/* ')#? (6/ 2%#.'8/ +#)/+ %*+/# 

4#"(/8()"* :"%&+ 6'9/ ,"#/ 8&"2/+ 4"#"2)(- :6)86 :"%&+ #/+%8/ (6/ '&C'&) ,)3#'()"* 

"%(:'#+2; 56/ 2%#.'8/ ". (6/ 3/"4"&-,/# +#)/+ )* (6/ "4/* ')# :"%&+ (6/#/."#/ 7/ (6/ ,"2( 

2/*2)()9/ (" /..&"#/28/*8/ 3#":(6; K":/9/#? )* (6/ &)36( ". (6/2/ #/2%&(2 '*+ (6"2/ ". (6/ 

4#/9)"%2 2/8()"*? )( :"%&+ '&2" 7/ (6/ 2%#.'8/ &/'2( &)C/&- (" 2%../# 2%#.'8/ +/(/#)"#'()"* +%/ (" 

2%7.&"#/28/*8/; 

 

<2%0,7#$!/*!%&$2%!#

56/ 2(%+- ". (6/ 4"#/ 2"&%()"* 26":/+ (6'( (/,4/#'(%#/ 6'+ ' 2)3*).)8'*( ),4'8( "* (6/ 

8'#7"*'(/ /R%)&)7#)%, 46'2/2; 56%2 (6/ )*.&%/*8/ ". 6/'( (#/'(,/*( "* /..&"#/28/*8/ *//+/+ (" 

7/ 2(%+)/+; 56/ 46"("3#'462 4#/2/*(/+ )* <)3%#/ XE 26": (:" 3/"4"&-,/# 8-&)*+/#2 ". (6/ 

2',/ 2)H/ '*+ 2',/ ."#,%&'()"* 8%#/+ '( (:" +)../#/*( (/,4/#'(%#/2! *N :'2 8%#/+ '( F_JD ."# 

(6/ .)#2( FY 6"%#2 :6)&/ ;N :'2 8%#/+ '( Y_JD +%#)*3 (6/ 2',/ 4/#)"+; @)2%'& "72/#9'()"*2 ". 

(6/ /..&"#/28/*8/2 +/9/&"4/+ 7- (6/2/ (:" 24/8),/*2 6)36&)36(/+ ' 2(#"*3 )*.&%/*8/ ". (6/ 

8%#)*3 (/,4/#'(%#/ "* (6/ 3#":(6 ". (6/ 2"+)%, 8'#7"*'(/ 8#-2('&2? '*+ +/,"*2(#'(/+ (6'( ' 

(6/#,'& (#/'(,/*( #/2%&(/+ )* ' &'#3/#? ,"#/ 8",4'8( /..&"#/28/*8/; 

 

 
 !"#$%&0'(&?8861%!".!,.!#1,#@Q'VE5#7!1*16O/!%#*&"$!#.2%!-#&$#_(T<#&J#&,-#V(T<#4J#-2%0,7#$9!#80%"$#_V9E#

 

D&,-#&--0$01,"#

56/ /..&"#/28/*8/ ". ."%# 3/"4"&-,/# ,"#('#2 )*8"#4"#'()*3 Y_A? E_A? Z_A '*+ ^_A ". 2'*+ 

7- ,'22 :/#/ 8",4'#/+ (" (6/ /..&"#/28/*8/ "7(')*/+ ."# ' 4%#/ 3/"4"&-,/# 4'2(/ 6'9)*3 (6/ 
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2',/ ."#,%&'()"*? (" /9'&%'(/ (6/ ),4'8( ". (6/ '++)()"* ". 2'*+ "* (6/)# 3#":(6 $<)3%#/ XZ0; 

L( :'2 (6%2 26":* (6'( (6/ '++)()"* ". 2'*+ +/8#/'2/+ (6/ ',"%*( ". 8#-2('&2 ."#,/+ +%#)*3 

(6/ 2/,)1),,/#2)"* (/2(; 56)2 #/2%&( )2 8"*2)2(/*( :)(6 (6/ .'8( (6'( (6/ '++)()"* ". 2'*+ 

#/+%8/2 (6/ R%'*()(- ". 7)*+/# '*+ (6%2 ". (6/ '&C'&) #/24"*2)7&/ ."# /..&"#/28/*8/; 

 

 
 !"#$%&0)(#?8861%!".!,.!#14"!%;&$01,"#1,#@Q'VE5#7!1*16O/!%#9&;0,7#8%1/#6!8$#$1#%079$W#(n:#V(n:#5(n:#F(n#

&,-#X(n#18#"&,-#4O#/&""#&$#X#-&O"E#
 
@!1*16O/!%#81%/26&$01,#

<)*'&&-? 4#"7'7&- (6/ ,"2( ),4"#('*( 4'#',/(/#? *',/&- (6/ *'(%#/ ". (6/ '&C'&)? :'2 '&2" 

/9'&%'(/+ )* (6)2 2(%+-; <"# (6)2? (6#// "(6/# :'(/#3&'22 2"&%()"*2 7'2/+ "* 4"('22)%, "# 

2"+)%,14"('22)%, ,)B(%#/2 :/#/ %2/+ (" ."#,%&'(/ 3/"4"&-,/#2; T2)*3 (6/ +#- ,'((/# 

8"*(/*( ". (6/2/ )*+%2(#)'& 2"&%()"*2 $5'7&/ E0? (6#// */: 3/"4"&-,/# ."#,%&'()"*2 $;? 2? '*+ 1 

"* 5'7&/ E '*+ <)3%#/ X^0 :/#/ 8'&8%&'(/+ 2" '2 (" 6'9/ (6/ 2',/ ,"&'# #'()"2 '2 (6/ =>WY; E 

."#,%&'()"* $* "* 5'7&/ E '*+ <)3%#/ X^0? );/; ])SFaG&FSX ". X;Z? c'FSaG&FSX ". _;\ '*+   

KFSa c'FS ". WY;E;  

%

V*;.&%F7%L+/*().)8'()"*? 2)&)8'(/a'&C'&) ,"&'# #'()" '*+ +#- 8"*(/*( 8",4"2)()"* ". (6/ :'(/#3&'22 2"&%()"*2 %2/+; 

 
 
56/ #/2%&(2 ". (6/ 2/,)1),,/#2)"* (/2(2 #/9/'&/+ ' 2)3*).)8'*( )*.&%/*8/ ". (6/ *'(%#/ ". (6/ 

'&C'&) "* (6/ 8#-2('& 3#":(6; D",4'#/+ :)(6 (6/ ."#,%&'()"* 7'2/+ "*&- "* 2"+)%, $' "* 

<)3%#/ X^0? (6/ ,)B(%#/ ". 2"+)%, '*+ 4"('22)%, $7 "* <)3%#/ X^0 #/+%8/+? (6"%36 *"( 

2)3*).)8'*(&-? (6/ ',"%*( ". 8#-2('&2 ."#,/+; L* (6/ 8'2/ ". "*&- 4"('22)%,17'2/+ :'(/#3&'22? 

)( :'2 /9/* "72/#9/+ (6'( *" 3#":(6 "88%##/+ +%#)*3 (6/ 2/9/*1+'- (/2( )* 2/,)1),,/#2)"* $8 

'*+ + "* <)3%#/ X^0; 
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 !"#$%&0*(#?8861%!".!,.!#14"!%;&$01,"#1,#7!1*16O/!%#/&-!# 0$9#"&$!%76&""#"162$01,"#^7'EXS&#&J:#^7'EXS&t#

4J:#^7'E5t#.J:#&,-#^7'E(t#-J#H.1/*1"0$01,#0,#j&46!#5J#&8$!%#X#-&O"#18#"!/0b0//!%"01,E#
 

56/2/ "72/#9'()"*2 (6%2 26": (6'( (6/ %2/ ". 4"('22)%,17'2/+ :'(/#3&'22 2"&%()"*2 :"%&+ 

2)3*).)8'*(&- #/+%8/? "# ("('&&- #/,"9/? (6/ /..&"#/28/*8/ 3#":(6 "* ,/('C'"&)*17'2/+1

3/"4"&-,/# 2%#.'8/2; 56/ %2/ ". (6)2 C)*+ ". 2"&%()"*2 :)&& 7/ 2" 2(#"*3&- #/8",,/*+/+ ."# 

2(#%8(%#/2 )* '* /*9)#"*,/*( .'9"%#'7&/ ."# /..&"#/28/*8/; c/9/#(6/&/22? (6/2/ #/2%&(2 +" *"( 

'&&": %2 (" #%&/ "* :6/(6/# )( :"%&+ 7/ 4"22)7&/ (" #/+%8/ (6/ /..&"#/28/*8/ 3#":(6 '2 

2)3*).)8'*(&- )* (6/ 8'2/ ". 2"+)%,17'2/+ 3/"4"&-,/# 6'9)*3 '*"(6/# ."#,%&'()"*; <"# (6)2? ' 

,"#/ /B(/*2)9/ 2(%+- ". (6/ 3/"4"&-,/# ."#,%&'()"* :"%&+ 7/ */8/22'#- )* "#+/# (" .)*+ (6/ 

#)36( 4#"4"#()"* ". 2"+)%, (" 7"(6 +)22"&9/ (6/ ,/('C'"&)* '*+ #/+%8/ (6/ /..&"#/28/*8/ #)2C2; 

 

2.4. Test of efflorescence reducing agents (ERA) 

 

G2 4#/2/*(/+ )* (6/ .)#2( 4'#( ". (6)2 86'4(/#? )* F_WY? ' 2(%+- 7- ]%86} /( '&; 26":/+ (6'( 

G&<X~XKFS 8"%&+ #/+%8/ /..&"#/28/*8/ )* '&C'&)1'8()9'(/+ 7&'2( .%#*'8/ 2&'3 $]%86} /( '&; 

F_WY0; 5" '22/22 :6/(6/# (6)2 #/2%&( ,)36( 7/ '44&)8'7&/ (" (6/ 2-2(/, 7'2/+ "* ,/('C'"&)*? 

(:" 2',4&/2 ". 3/"4"&-,/# =>WY;E :/#/ 4#/4'#/+ :)(6 '* '++)()"* ". '&%,)*)%, .&%"#)+/? )* 

'* ',"%*( 2),)&'# (" (6'( ,/*()"*/+ )* (6/ '#()8&/; L( :'2 .)#2( "72/#9/+ (6'( (6/ '++)()"* ". 

(6)2 8",4"%*+ (" (6/ ,)B(%#/ &/+ (" ' 2(#"*3 (6)B"(#"4)8 /../8( ". (6/ 4#/4'#'()"*; 56/*? 

+%#)*3 +/,"%&+)*3 '( FY 6? 9/#- ,'#C/+ 26#)*C'3/ :'2 "72/#9/+ ."# (6/ 3/"4"&-,/# 6'9)*3 

(6/ ,"2( 2)3*).)8'*( '++)()"* ". G&<X; 

56/*? '.(/# ' ://C ". 2/,)1),,/#2)"* (/2()*3? ' &'#3/ ',"%*( ". /..&"#/28/*8/ :'2 ."%*+? 

:)(6 2)3*).)8'*( 2%#.'8/ +','3/? '2 4#/2/*(/+ )* (6/ (:" 46"("3#'462 ". <)3%#/ X[; 56)2 (/2( 

(6%2 +/,"*2(#'(/+ (6'( (6/ )*8"#4"#'()"* ". (6)2 8",4"%*+ +)+ *"( #/+%8/ /..&"#/28/*8/ 

3#":(6 )* ,/('C'"&)*17'2/+ 3/"4"&-,/# '2 )( :"%&+ )* (6/ 8'2/ ". (6/ '&C'&)1'8()9'(/+ 2&'32; 
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 !"#$%&0+(&?8861%!".!,.!#14"!%;&$01,#1,#@Q'VE5#7!1*16O/!%# 0$9#&--0$01,#18#B6C`E`N_Z#4O#/&""#%!6&$0;!#$1#$9!#

IL#18#&#'W#FJ#&,-#4J#'W#X#
 

<)*'&&-? 2)B 8",,/#8)'& '*()1/..&"#/28/*8/ '3/*(2 %2/+ )* 8"*8#/(/ 2(#%8(%#/2 :/#/ (/2(/+; 

56/2/ 2)B 4#"+%8(2 .#", +)../#/*( 2%44&)/#2? 4#/2/*(/+ )* 5'7&/ Z? '&& 6'+ ' :'(/#1#/4/&&/*( 

'8()"* (6'( #/+%8/+ (6/ '44'#)()"* ". /..&"#/28/*8/ )* S>D; 5:" :/#/ )* 2"&)+ ."#, '*+ :/#/ 

'++/+? '( WA 7- ,'22? (" ' =>WY;E ."#,%&'()"* +%#)*3 (6/ ,)B)*3; 56#// "(6/#2 :/#/ )* &)R%)+ 

."#, '*+ :/#/ '&2" '++/+ +%#)*3 ,)B)*3 '*+ )* (6/ 2',/ 4#"4"#()"*; 56/ &'2( QVG :'2 ' 

2%#.'8/ :'(/# #/4/&&/*(? (" 7/ '44&)/+ "* (6/ 2%#.'8/ '.(/# FY 6; L( :'2 +/2)3*/+ (" '9")+ :'(/# 

/B86'*3/2 :)(6 (6/ "%(2)+/; 

 

V*;.&%H7%L+/*().)8'()"*? '8()"*2 '*+ ,'22 8"*(/*(2 ". (6/ )*+%2(#)'& /..&"#/28/*8/ #/+%8)*3 '3/*(2 $QVG0 %2/+ )* 
(6/ 3/"4"&-,/# =>WY;E; 

 

 

G.(/# ' ://C ". 2/,)1),,/#2)"* (/2()*3? '&& (6/ 24/8),/*2 4#/2/*(/+ *"*1*/3&)3)7&/ ',"%*(2 

". /..&"#/28/*8/? ("3/(6/# :)(6 2)3*).)8'*( 2%#.'8/ +','3/ $<)3%#/ X\0; L* (6/ .)9/ 8'2/2 :6/#/ 

'* QVG $&)R%)+ "# 2"&)+0 :'2 '++/+? (6/#/ :'2 +/('86,/*( ". (6/ %44/# 4'#( ". (6/ 3/"4"&-,/# 

8-&)*+/#2 $<)3%#/ X\ '? 7? 8? +? '*+ .0; L* (6/ 8'2/ ". (6/ 2%#.'8/ QVG? /*()#/ 4)/8/2 :/#/ 2//* 

(" 6'9/ 7/8",/ +/('86/+ .#", (6/ ("4 ". (6/ 8-&)*+/# $<)3%#/ X\ /0; 56/ '++)()"* ". ' 4#"+%8( 

6'9)*3 ' :'(/#1#/4/&&/*( '8()"* (6%2 6'+ ' +/(#),/*('& )*.&%/*8/ "* ,/('C'"&)*17'2/+ 

3/"4"&-,/#? 7- 4#","()*3 2%7.&"#/28/*8/ &/'+)*3 (" 2%#.'8/ +','3/;  
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 !"#$%&0,(#?8861%!".!,.!#1,#@Q'VE5#7!1*16O/!%# 0$9#&--0$01,#18#0,-2"$%0&6#!8861%!".!,.!#%!-2.0,7#&7!,$"#H?]BJ#

/&-!#81%#ZQ<:#*%!"!,$!-#0,#j&46!#FE#

 

K":/9/#? '2 4")*(/+ "%( 4#/9)"%2&-? (6)2 2(%+- :'2 *"( /B6'%2()9/? '*+ ,'*- "(6/# (/2(2 

:"%&+ 7/ #/R%)#/+ (" 8"*8&%+/ "* (6/ ),4'8( ". (6/ QVG "* ,/('C'"&)*17'2/+ 3/"4"&-,/#; 

Q9/* (6"%36 (6/2/ #/2%&(2 2%33/2( (6'( (6/- +" *"( 4#/9/*( /..&"#/28/*8/? (6/ )*.&%/*8/ ". (6/ 

8",4"2)()"* "# (6/ ',"%*( '++/+ #/,')*2 (" 7/ '22/22/+;  

c/9/#(6/&/22? (6/2/ "72/#9'()"*2 26":/+ (6'(? #/3'#+&/22 ". (6/)# ."#,2 "# 8",4"2)()"*2? :'(/# 

#/4/&&/*(2 +)+ *"( '44/'# (" 7/ '* /../8()9/ 2"&%()"* ."# #/+%8)*3 /..&"#/28/*8/ )* 3/"4"&-,/#? 

'2 (6/- 2//,/+ (" /*8"%#'3/ 2%7.&"#/28/*8/; G* /B(/*2)9/ 2(%+- ". (6/ ."#,%&'()"* ". (6/ 

3/"4"&-,/# (" #/+%8/ (6/ ',"%*( ". '&C'&)2 :"%&+ 4#"7'7&- 7/ ' 7/((/# '44#"'86 (" '9")+ (6)2 

+%#'7)&)(- )22%/; 
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This study highlighted the importance of efflorescence in sodium-based geopolymers 

and has revealed potential risks concerning their durability. Factors influencing the 

growth of efflorescence crystals have been shown, allowing their behaviour to be better 

understood. It was thus shown that the use of potassium would reduce the appearance of 

efflorescence but, on the other hand, the products used for this purpose in OPC would 

have no impact in the case of geopolymer. It therefore appears that a study dedicated to 

this efflorescence phenomenon in metakaolin-based geopolymer and to the possible 

ways of avoiding it would be highly desirable. A sodium-based geopolymer formulation 

study would be very appropriate and should aim to find the right proportion of sodium to 

ensure good mechanical performances while making less alkali available for the growth 

of efflorescence.   
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E67%30'2.#",0'%

 

56/ /B4/#),/*('& :"#C 4/#."#,/+ )* (6)2 2(%+- :'2 )*(/*+/+ (" '22/22 (6/ +%#'7)&)(- #)2C2 +%/ 

(" (6/ 8'#7"*'()"* #/'8()"* )* ,/('C'"&)*17'2/+ 3/"4"&-,/# '8()9'(/+ 7- 2"+)%, 2)&)8'(/; 

V/3'#+)*3 (6/ #)2C2 ". 8"##"2)"* 7- 8'#7"*'()"*? :6)86 )2 (6/ 3#/'(/2( #)2C )* S>D 2(#%8(%#/2? 

(6/ /9'&%'()"* ". (6/ ),4'8( ". (6)2 #/'8()"* :)(6)* (6/ 4"#/ 2"&%()"*? %2)*3 <5LV '*'&-2)2 '*+ 

4K1,/(/# ()(#'()"*? &/+ (" (6/ ."&&":)*3 8"*8&%2)"*2; 

· G.(/# XZE +'-2? (6/ 4K ". (6/ 4"#/ 2"&%()"* ". 3/"4"&-,/# 4'2(/ 8%#/+ )* ' *'(%#'& 

8'#7"* +)"B)+/ '(,"246/#/ 4#/2/*(/+ *" #)2C ". 8"##"2)"* 7- 8'#7"*'()"*? 2)*8/ (6/ 4K 

9'&%/ ". (6/ 4"#/ 2"&%()"* :'2 6)36/# (6'* (6/ 2(//& +/4'22)9'()"* &),)( ". \; 

· L( 6'2 7//* 26":* (6'( (6/ 8'#7"*'()"* #/'8()"* )* (6/ 4"#/ 2"&%()"* :"%&+ "88%# )* (:" 

2(/42? :)(6 .)#2( (6/ 8'#7"*'()"* ". (6/ 2"+)%, (" ."#, 2"+)%, 8'#7"*'(/? ."&&":/+ 7- '* 

/9"&%()"* )* (6/ 8'#7"*'(/a 7)8'#7"*'(/ 46'2/ /R%)&)7#)%,; 

· 56/ 8'#7"*'(/a 7)8'#7"*'(/ 46'2/ /R%)&)7#)%, /,/#3/+ '2 (6/ +/(/#,)*)*3 .'8("# ". (6/ 

4K ". (6/ 4"#/ 2"&%()"* "9/# (),/; G*+ )( :'2 26":* (" 7/ 6)36&- +/4/*+/*( "* (6/ 

(/,4/#'(%#/ '*+ (6/ DSF 8"*(/*( ". (6/ ')#;  

· 56/ #'4)+)(- ". (6/ 8'#7"*'()"* #/'8()"* )* (6/2/ 2-2(/,2 $4"#/ 2"&%()"* 8'#7"*'(/+ '( 

\^A )* WY +'-20 #/9/'&/+ (6'( (6/ '88/&/#'(/+ (/2(2 4/#."#,/+ ."# S>D :/#/ %2/&/22 ."# 

(6/ 3/"4"&-,/# ."#,%&'()"* 2(%+)/+; N"#/"9/#? )( :'2 '&2" 8"*8&%+/+ (6'( (6/2/ (/2(2 

86'*3/+ (6/ 8'#7"*'(/ 46'2/ /R%)&)7#)%,? #/2%&()*3 )* ' #/'8()"* 4#"+%8( (6'( :'2 *"( 

#/4#/2/*('()9/ ". (6/ *'(%#'& #/'8()"* '*+ /9/* &/+ (" .'&2/ 8"*8&%2)"*2; 

· L( :'2 8"*8&%+/+ (6'( (6/ #)2C ". 8"##"2)"* 7- 8'#7"*'()"* )* ,/('C'"&)*17'2/+ 

3/"4"&-,/# '8()9'(/+ 7- 2"+)%, 2)&)8'(/ :'2 */3&)3)7&/ '*+ (6'( "*&- '* )*8#/'2/ )* (6/ 

DSF 8"*(/*( ". (6/ ')#? "# ' 2)3*).)8'*( )*8#/'2/ )* (/,4/#'(%#/ :"%&+ &/'+ (" +%#'7)&)(- 

)22%/2 +%/ (" 8'#7"*'()"*; 
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L* 8"*(#'2(? (6/ /..&"#/28/*8/ "72/#9'()"* #/9/'&/+ *"*1*/3&)3)7&/ +%#'7)&)(- )22%/2 ."# 

3/"4"&-,/# '8()9'(/+ 7- 2"+)%, 2)&)8'(/; G 2)3*).)8'*( 3#":(6 ". 2"+)%, 8'#7"*'(/ 8#-2('&2 

:'2 ."%*+ "* (6/ 2%#.'8/ ". (6/ 3/"4"&-,/#? &/'+)*3 (" *"('7&/ '/2(6/()8 4#"7&/,2; L( :'2 '&2" 

26":* (6'( (6)2 3#":(6 8"%&+ 7/ #/24"*2)7&/ ."# 2/#)"%2 2%#.'8/ +','3/ $'2 4#/9)"%2&- 

"72/#9/+ "* 7/', 2%#.'8/20; L* (6)2 2(%+- (6/ ."&&":)*3 8"*8&%2)"*2 :/#/ +#':*! 

· Q..&"#/28/*8/ 3#":(6 :'2 ."%*+ (" 7/ 9/#- .'2( '*+ +/*2/? :)(6 .'9"%#/+ /,/#3/*8/ "* 

2%#.'8/2 (6'( 6'+ 7//* 8%#/+ )* (6/ "4/* ')#;  

· ]%#.'8/2 8%#/+ %*+/# 4#"(/8()"*? 2%86 '2 (6"2/ )* 8"*('8( :)(6 (6/ ,"%&+ :'&&2? 2//, (" 

6'9/ ' ,"#/ 8&"2/+ 4"#"2)(-? 4#/2/#9)*3 (6/, .#", 2)3*).)8'*( /..&"#/28/*8/ 3#":(6; 

K":/9/#? (6)2 )2 (6"%36( (" )*+%8/ ' 2%7.&"#/28/*8/ (6'( :"%&+ 7/ #/24"*2)7&/ ."# (6/ 

2%#.'8/ +','3/; 

· L* (6)2 :"#C 8"*(/B(? (6/ '++)()"* ". 8",,/#8)'& /..&"#/28/*8/ #/+%8)*3 '3/*(2 +)+ *"( 

/*'7&/ (6)2 /..&"#/28/*8/ 3#":(6 (" 7/ #/+%8/+? '*+ "*&- (6/ %2/ ". 4"('22)%, 2)&)8'(/ 

:"%&+ 3#/'(&- ,)*),)2/ )(2 '44/'#'*8/; 

 

e%/ (" (6/)# 9/#- 6)36 '&C'&) 8"*(/*( 8",4'#/+ (" S>D? 3/"4"&-,/#2 '#/ "4/* (" ,'*- 

R%/2()"*2? /24/8)'&&- #/3'#+)*3 (6/)# +%#'7)&)(-; 56/ #/2%&(2 ". (6)2 2(%+- 4#"9)+/ 2",/ 

'*2:/#2 8"*8/#*)*3 8'#7"*'()"*? 26":)*3 (6'( )( :"%&+ *"( 7/ +/(#),/*('& (" 2(//& 

#/)*."#8/,/*( 7%( (6'( (6/ #)2C2 ". /..&"#/28/*8/ '#/ 2)3*).)8'*( '*+ *//+ (" 7/ .%#(6/# 

/9'&%'(/+ )* "#+/# (" 7/ 4#/9/*(/+; 
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+&8&)&'2&"%

 

G&&'69/#+)? G;? N/6#4"%#? q;? q'*)? Q; c; $F__[0 L*9/2()3'()*3 (6/ 4"22)7)&)(- ". %()&)H)*3 

4%,)8/1(-4/ *'(%#'& 4"HH"*'& )* 4#"+%8()"* ". 3/"4"&-,/# 8/,/*(; <?]BIR<D#

DR)RtBju? EF$W0! WZ; 

G&&'69/#+)? G;? ]6'9/#+)? b;? q'*)? Q; c; $F_W_0 L*.&%/*8/ ". 2"+)%, "B)+/ "* 4#"4/#()/2 ". 

.#/26 '*+ 6'#+/*/+ 4'2(/ ". '&C'&)1'8()9'(/+ 7&'2(1.%#*'8/ 2&'3; R,$!%,&$01,&6#h12%,&6#18#

<0;06#?,70,!!%0,7? [! X_Y1XWY;  

G&&'69/#+)? G;? q'*)? Q; c;? �'H+'*)4"%#? N; $F_WW0 Q../8(2 ". 7&'2(1.%#*'8/ 2&'3 "* *'(%#'& 

4"HH"&'*17'2/+ 3/"4"&-,/# 8/,/*(; <!%&/0."bD060L&$O? EE$W0! Z[1^[; 

G&&'69/#+)? G; q'*)? Q;c;? K"22')* q;N;G;? '*+ O'86/,)? N; $F_WY0 N/(6"+2 (" 8"*(#"& 

/..&"#/28/*8/ )* '&C'&)1'8()9'(/+ 8/,/*(17'2/+ ,'(/#)'&2; R,W# N&,-411L# 18# B6L&60b

&.$0;&$!-#<!/!,$":#I1%$&%"#&,-#<1,.%!$!"? Q+)("#2! <; >'86/8"15"#3'&? r; O'7#)*86'? D; 

O/"*/&&)? G; >'&","? >; D6)*+'4#'2)(? `""+6/'+ >%7&)26)*3 O),)(/+? D',7#)+3/ $Tq0? 

)* 4#/22  

b'+'#? N; ];? q%4:'+/1>'()&? q;? b/#*'&? ]; G;? >#"9)2? r; O;? G&&"%86/? Q; c; $F_WY0; 

D"##"2)"* ". 2(//& 7'#2 )*+%8/+ 7- '88/&/#'(/+ 8'#7"*'()"* )* &": '*+ 6)36 8'&8)%, .&- 

'26 3/"4"&-,/# 8"*8#/(/2; <1,"$%2.$01,#&,-#\206-0,7#I&$!%0&6"? ZW! ^\1[\; 

b'C6'#/9? 5;? ]'*U'-'*? r; =;? D6/*3? �; b; $F__W0 V/2)2('*8/ ". '&C'&)1'8()9'(/+ 2&'3 

8"*8#/(/ (" 8'#7"*'()"*; <!/!,$#&,-#<1,.%!$!#]!"!&%.9? XW$\0? WF^^1WF[X; 

b'#7"2'? @; <;? N'8q/*H)/? q; r;? 56'%,'(%#3"? D; $F___0 ]-*(6/2)2 '*+ 86'#'8(/#)2'()"* ". 

,'(/#)'&2 7'2/+ "* )*"#3'*)8 4"&-,/#2 ". '&%,)*' '*+ 2)&)8'! 2"+)%, 4"&-2)'&'(/ 

4"&-,/#2; R,$!%,&$01,&6#h12%,&6#18#R,1%7&,0.#I&$!%0&6"? F$Y0! X_\1XW^; 

b/*2(/+? r; $F___0 Q..&"#/28/*8/14#/9/*()"* )2 7/((/# (6'* 8%#/; <1,.%!$!; XY$[0! Y_1W; 

b/#*'&? ]; G;? +/ =%()/##/H? V; N;? >#"9)2? r; O;? V"2/? @; $F_W_0 Q../8( ". 2)&)8'(/ ,"+%&%2 

'*+ ,/('C'"&)* )*8"#4"#'()"* "* (6/ 8'#7"*'()"* ". '&C'&) 2)&)8'(/1'8()9'(/+ 2&'32; 

<!/!,$#&,-#<1,.%!$!#]!"!&%.9? Y_$Z0! [\[1\_^; 

b/#*'&? ]; G;? +/ =%()l##/H? V; N;? >/+#'H'? G; O;? >#"9)2? r; O;? V"+#)3%/H? Q; e;? e/&9'2("? ]; 

$F_WW0 Q../8( ". 7)*+/# 8"*(/*( "* (6/ 4/#."#,'*8/ ". '&C'&)1'8()9'(/+ 2&'3 8"*8#/(/2; 

<!/!,$#&,-#<1,.%!$!#]!"!&%.9? YW$W0! W1[; 

b/#*'&? ]; G;? >#"9)2? r; O;? b#)8/? e; =;? q)&8%&&/*? G;? e%B2"*? >;? @'* e/9/*(/#? r; ]; $F_WF0 

G88/&/#'(/+ 8'#7"*'()"* (/2()*3 ". '&C'&)1'8()9'(/+ 7)*+/#2 2)3*).)8'*(&- %*+/#/2(),'(/2 
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2/#9)8/ &)./! (6/ #"&/ ". 4"#/ 2"&%()"* 86/,)2(#-; <!/!,$#&,-#<1,.%!$!#]!"!&%.9? YF$W_0! 

WXW^1WXFZ; 

b/#*'&? ]; G;? >#"9)2? r; O;? `'&C&/-? b;? ]'* c)8"&'2? V;? =/6,'*? r; e;? b#)8/? e; =;? @'* 

e/9/*(/#? r; ]; $F_WX0 =/& *'*"2(#%8(%#/ )* '&C'&)1'8()9'(/+ 7)*+/#2 7'2/+ "* 2&'3 '*+ 

.&- '26? '*+ /../8(2 ". '88/&/#'(/+ 8'#7"*'()"*; <!/!,$#&,-#<1,.%!$!#]!"!&%.9? EX! WF^1

WYY; 

b/#*'&? ];G; $F_WY0 56/ #/2)2('*8/ ". '&C'&)1'8()9'(/+ 8/,/*(17'2/+ 7)*+/#2 (" 8'#7"*'()"*; 

R,W#N&,-411L#18#B6L&60b&.$0;&$!-#<!/!,$":#I1%$&%"#&,-#<1,.%!$!"? Q+)("#2! <; >'86/8"1

5"#3'&? r; O'7#)*86'? D; O/"*/&&)? G; >'&","? >; D6)*+'4#'2)(? `""+6/'+ >%7&)26)*3 

O),)(/+? D',7#)+3/ $Tq0? )* 4#/22  

b/*2(/+? r; $F___0 Q..&"#/28/*8/14#/9/*()"* )2 7/((/# (6'* 8%#/; <1,.%!$!? XY$[0! Y_1W; 

b"6/#? D;? N'#()*? L;? O"#/*(/? ];? <#)H"*? <; $F_WY0; QB4/#),/*('& )*9/2()3'()"* ". 3'2 

+)..%2)"* (6#"%36 ,"*","+'& ,'(/#)'&2; G44&)8'()"* (" 3/"4"&-,/#2 '*+ @-8"#I 

3&'22/2; I0.%1*1%12"#&,-#I!"1*1%12"#I&$!%0&6"? W[Y! F[1XZ; 

b"#(*"92C-? S;? e�+/�/C? r;? 59'#��C"9v? d;? ]"7'&�C? d;? {%7#(? r; $F__[0 N/('& )"*2 '2 

4#"7/2 ."# 86'#'8(/#)H'()"* ". 3/"4"&-,/# ,'(/#)'&2; h12%,&6#18#$9!#B/!%0.&,#<!%&/0.#

D1.0!$O? \W$\0! X_EF1X_E^; 

D":)/? r;? '*+ =&'22/#? <; >; $W\\F0 56/ #/'8()"* 7/(://* 8/,/*( '*+ *'(%#'& :'(/#2 

8"*(')*)*3 +)22"&9/+ 8'#7"* +)"B)+/; B-;&,.!"#0,#.!/!,$#%!"!&%.9? Y$WE0! WW\1WXY; 

D#)'+"? N;? >'&","? G;? </#*v*+/H1r),l*/H? G; $F__E0 G&C'&) '8()9'()"* ". .&- '26/2; >'#( W! 

Q../8( ". 8%#)*3 8"*+)()"*2 "* (6/ 8'#7"*'()"* ". (6/ #/'8()"* 4#"+%8(2; C2!6? [Y$WZ0! 

F_Y[1F_EY; 

D-#? N;? V)9'#+? >;? O'7#/8R%/? <;? e')+)/? G; $F__[0 K)36->#/22%#/ e/9)8/ ."# <&%)+ 

QB(#'8()"* .#", >"#"%2 N'(/#)'&2! G44&)8'()"* (" D/,/*(-b'2/+ N'(/#)'&2; h12%,&6#18#

$9!#B/!%0.&,#<!%&/0.#D1.0!$O? \W$[0! FZEX1FZE[; 

='&'*? L;? G*+#'+/? D;?  D'2(/&&"(/? N; $F_WX0 c'(%#'& '*+ '88/&/#'(/+ DS F 7)*+)*3 C)*/()82 

)* 8/,/*( 4'2(/ '( +)../#/*( #/&'()9/ 6%,)+)()/2; <!/!,$#&,-#<1,.%!$!#]!"!&%.9? Y\! FW1

F[; 

=&'22/#? <; >;? N'#86'*+? r;? ]',2"*? Q; $F__[0 e%#'7)&)(- ". 8"*8#/(/ 1 +/3#'+'()"* 

46/*",/*' )*9"&9)*3 +/(#),/*('& 86/,)8'& #/'8()"*2; <!/!,$#&,-#<1,.%!$!#]!"!&%.9: 

X[$F0! FFZ1FYZ; 

=#'*)H"? N; O;? G&"*2"? ];? b&'*8"-@'#/&'? N; 5;? >'&","? G; $F__F0 G&C'&)*/ '8()9'()"* ". 

,/('C'"&)*! /../8( ". 8'&8)%, 6-+#"B)+/ )* (6/ 4#"+%8(2 ". #/'8()"*; h12%,&6# 18# $9!#

B/!%0.&,#<!%&/0.#D1.0!$O? [E$W0? FFE1FXW; 
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K"772? e; `; $F__W0 D"*8#/(/ +/(/#)"#'()"*! 8'%2/2? +)'3*"2)2? '*+ ,)*),)2)*3 #)2C; 

R,$!%,&$01,&6#I&$!%0&6"#]!;0! "? YZ$X0! WW^1WYY; 

K"%2(? �; <; $W\\Z0 56/ #"&/ ". ,")2(%#/ )* (6/ 8'#7"*'()"* ". 8/,/*()()"%2 ,'(/#)'&2; 

R,$!%,&$01,&6!# v!0$".9%08$# 8w%# \&20,"$&,-"!$l!,# 2,-# \&2-!,L/&6*86!7!? F$O5>1

GV5LDOQ1W\\Z1_F\0? Y\1ZZ; 

q#/22/? >; $W\[\0 D"&"%#/+ 8"*8#/(/ '*+ )(2 /*/,-! /..&"#/28/*8/; <9!/0"$%O# &,-# R,-2"$%O; 

\X1E; 

O/'? <; N; $W\^_0 j9!#.9!/0"$%O#18#.!/!,$#&,-#.1,.%!$!; Q+:'#+ G#*"&+; 

O&"-+? V; V;? >#"9)2? r; O;? @'* e/9/*(/#? r; ]; $F_W_0 >"#/ 2"&%()"* 8",4"2)()"* '*+ '&C'&) 

+)..%2)"* )* )*"#3'*)8 4"&-,/# 8/,/*(; <!/!,$# &,-#<1,.%!$!#]!"!&%.9E Y_$\0! WX[Z1

WX\F; 

q'*)? Q; c;? G&&'69/#+)? G;? >#"9)2? r; O; $F_WF0 Q..&"#/28/*8/ 8"*(#"& )* 3/"4"&-,/# 7)*+/#2 

7'2/+ "* *'(%#'& 4"HH"&'*E#<!/!,$#&,-#<1,.%!$!#<1/*1"0$!"? XY$W0! FE1XX; 

c"#2%H')&)*'? N; ];? '*+ ])*)*? K; $F_WX0 Q..&"#/28/*8/ >6/*",/*"* "* D"*8#/(/ ](#%8(%#/2; 

B-;&,.!-#I&$!%0&6"#]!"!&%.9 ZFZ! ^Y^1^E_; 

S&&)9)/#? r;>; '*+ @)86"(? G; $F__[0 O' +%#'7)&)(l +/2 7l("*2 ! b'2/2 28)/*().)R%/2 4"%# &' 

."#,%&'()"* +/ 7l("*2 +%#'7&/2 +'*2 &/%# /*9)#"**/,/*(? >#/22/2 +/ &t�8"&/ *'()"*'&/ 

+/2 4"*(2 /( 86'%22l/2 $L* <#/*860; 

>'86/8"15"#3'&? <;? '*+ r'&'&)? ]; $F_W_0 L*.&%/*8/ ". 2"+)%, 8'#7"*'(/ '++)()"* "* (6/ 

(6/#,'& #/'8()9)(- ". (%*32(/* ,)*/ :'2(/ ,%+ 7'2/+ 7)*+/#2; <1,"$%2.$01,# &,-#

\206-0,7#I&$!%0&&2? FY$W0! EZ1Z_; 

>'&'8)"2? N;? '*+ >%/#('2? <; $F__Z0 Q../8( ". 8'#7"*'()"* "* '&C'&)-'8()9'(/+ 2&'3 4'2(/; 

h12%,&6#18#$9!#B/!%0.&,#<!%&/0.#D1.0!$O? [\$W_0! XFWW1XFFW; 

>'4'+'C)2? @; =;? @'-/*'2? D; =;? <'#+)2? N; c; $W\\W0 QB4/#),/*('& )*9/2()3'()"* '*+ 

,'(6/,'()8'& ,"+/&)*3 ". (6/ 8"*8#/(/ 8'#7"*'()"* 4#"7&/,; <9!/0.&6# ?,70,!!%0,7#

D.0!,.!? YZ$E0! WXXX1WXX[; 

>"%6/(? V;? '*+ D-#? N; $F_WY0 ](%+)/2 ". c'(%#'& '*+ G88/&/#'(/+ D'#7"*'()"* )* 

N/('C'"&)*1b'2/+ =/"4"&-,/#E# R,# B-;&,.!"# 0,# D.0!,.!# &,-# j!.9,1617O; $@"&; \F? 

44;X[1YX0; 

>"%#7')B? N; $W\^Y0 G(&'2 ". /&/8(#"86/,)8'& /R%)&)7#)' )* 'R%/"%2 2"&%()"*2; 

]'*U%'*? N; G;? G*+#'+/? D;? '*+ D6/-#/H-? N; $F__X0 D"*8#/(/ 8'#7"*'()"* (/2(2 )* *'(%#'& 

'*+ '88/&/#'(/+ 8"*+)()"*2; B-;&,.!"#0,#<!/!,$#]!"!&%.9? WE$Y0! W^W1W[_; 
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{C9v#'? <;? q"4/8C}? O;? {,)&'%/#? @;? b)((*'#? d; $F__\0 N'(/#)'& '*+ 2(#%8(%#'& 

86'#'8(/#)H'()"* ". '&C'&) '8()9'(/+ &":18'&8)%, 7#":* 8"'& .&- '26; h12%,&6# 18#

N&l&%-12"#I&$!%0&6"E WZ[$F0! ^WW1^F_; 

{C9v#'? <;? {,)&'%/#? @;? K&'9v�/C? >;? q"4/8C}? O;? D)&"9'? d; $F_WF0 G :/'C '&C'&) 7"*+ )* 

$c? q0uGu]uK 3/&2! /9)+/*8/ .#", &/'86)*3 '*+ ,"+/&)*3; <!%&/0."oD060Lr$O? EZ$Y0! 

X^Y1X[F; 

]%86}? V;? >"��HC'? r;? `'22/#7'%/#? r;? � q'&)*'? O; $F_WY0 V/+%8()"* ". Q..&"#/28/*8/ )* (6/ 

G&C'&) G8()9'(/+ ]-2(/,2; B-;&,.!-#I&$!%0&6"#]!"!&%.9; W___! XW[1XFW; 

]HC&"#H"9v? K;? b�&/C? @; $F__[0 L*.&%/*8/ ". '&C'&) )"*2 )* (6/ '8()9'("# "* (6/ 4/#."#,'*8/ 

". '&C'&)1'8()9'(/+ ,"#('#2; L* Q%1.!!-0,7"#18#$9!#`%-#R,$!%,&$01,&6#DO/*1"02/#1,#S1,b

j%&-0$01,&6#<!/!,$#&,-#<1,.%!$!; ^^^1^[Y; 

T2+":2C)? Q; $W\[F0 V/'8()"*2 '*+ QR%)&)7#)' )* (6/ ]-2(/,2 DSF1KFS '*+ D'DSX1DSF1KFS 

$_J1E_J D0; B#]!;0! E#S!2!"#h&9%42.9#8w%#I0,!%&6170!bB49&,-62,7!,? WY[1W^W; 

�"%*3? r; <;? b/#3/#? V; O;? b#//2/? r; $W\^Y0 G88/&/#'(/+ 8%#)*3 ". 8",4'8(/+ 8'&8)%, 

2)&)8'(/ ,"#('#2 "* /B4"2%#/ (" DSF; h12%,&6#18# $9!#B/!%0.&,#.!%&/0.#"1.0!$O? E^$\0! 

X\Y1X\^; 
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V*;.&%08%20'/&'/%
 
 

L; L*(#"+%8()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W\E 

LL; V/2)2('*8/ ". '&C'&)1'8()9'(/+ 7)*+/#2 (" '&C'&)1'33#/3'(/ #/'8()"* ;;;;;;;;;;;;; W\Z 

G7%QQ+%,'%T0)/.*'1%2&$&'/%20'2)&/&%777777777777777777777777777777777777777777777777777777777777777777777777777777%GKH 

W;W @)2%'& '*+ ,)8#"28"4)8 ,'*)./2('()"*2 ". G]V ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W\^ 

W;F N/86'*)2,2 ". G]V ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; W\\ 

D7%QQ+%,'%*.<*.,@*2/,L*/&1%;,'1&)"%7777777777777777777777777777777777777777777777777777777777777777777777777777777777%DOO 

F;W G]V )* '&C'&)1'8()9'(/+ .&- '26 2-2(/,2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; F_W 

F;X G]V )* '&C'&)1'8()9'(/+ ,/('C'"&)* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; F_E 

LLL; N'(/#)'&2 '*+ N/(6"+2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; F_Z 

G7%B*/&),*.%7777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777%DOH 

W;W b)*+/#2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; F_Z 

W;F ]'*+ '33#/3'(/2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; F_Z 

D7%S*$5.&%5)&5*)*/,0'%*'1%/&"/%$&/401"%777777777777777777777777777777777777777777777777777777777777777777777777%DOK 

F;W ]',4&/ 4#/4'#'()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; F_\ 

F;F 5/2( ,/(6"+2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FW_ 

L@; G&C'&)u2)&)8' #/'8()"* )* ,/('C'"&)*17'2/+ 3/"4"&-,/# ,"#('# ;;;;;;;;;;;;;;;;; FWW 

G7%B0)/*)%5),"$%&95*'",0'%7777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777%DGG 

W;W S>D 24/8),/*2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FWW 

W;F => 24/8),/*2;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FWF 

D7%B&24*',2*.%5&)80)$*'2&%"/#1,&"%77777777777777777777777777777777777777777777777777777777777777777777777777777777%DGC 

?7%SPBRPUW%"/#1,&"%777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777%DGF 

C7%U,"2#"",0'%08%QS+%,'%=&050.>$&)%$*/),2&"%7777777777777777777777777777777777777777777777777777777777777777%DGK 

Y;W e)22"&%()"* ". (6/ #/'8()9/ 2)&)8' 1 4K ". (6/ 4"#/ 2"&%()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FF_ 

Y;F QB4'*2)"* ". (6/ 3/& ."#,/+ 1 V"&/ ". 8'&8)%, ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FFX 

Y;X >#"4'3'()"* ". (6/ 3/& )*(" (6/ 4"#"%2 */(:"#C 1 '88",,"+'()"* ". (6/ 3/& ;;;;;;;;;;;;;;;;;;;;;;; FFE 

@; L*.&%/*8/ ". (6/ (/2( 8"*+)()"*2 "* G]V )* 3/"4"&-,/# ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FF[ 

G7%6'8.#&'2&%08%/4&%*22&.&)*/&1%/&"/,'=%20'1,/,0'"%7777777777777777777777777777777777777777777777777777777777%DDK 

W;W L*.&%/*8/ ". (6/ (/,4/#'(%#/ ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FF\ 

W;F ]8'&/ /../8( ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FX_ 

W;X L*.&%/*8/ "* (6/ 8%#)*3 8"*+)()"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FX_ 

D7%X0'@*22&.&)*/&1%QS+%/&"/,'=%777777777777777777777777777777777777777777777777777777777777777777777777777777777777777%D?D 

F;W QB4'*2)"* ,/'2%#/,/*( ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FXF 

F;F ]QN "72/#9'()"*2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FXX 

@L; D"*8&%2)"* ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FXZ 

V/./#/*8/2 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; FX[%
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67%6'/)01#2/,0'%

 

56/ 4#/9)"%2 86'4(/#2 6'9/ 26":* (6'( ,/('C'"&)*17'2/+ 3/"4"&-,/# 8"%&+ 4"(/*()'&&- "../# 

'* /..)8)/*( '&(/#*'()9/ (" "#+)*'#- >"#(&'*+ 8/,/*( $S>D0 ."# (6/ ."#,%&'()"* ". 8"*8#/(/; 

K":/9/#? ,'*- 8"*8/#*2 8'* 7/ /B4#/22/+ :)(6 #/3'#+ (" '&C'&)12)&)8' #/'8()"* $G]V0 2)*8/ 

(6/ '8()9'()"* 2"&%()"* %2/+ )*9"&9/2 6)36 '&C'&) 8"*(/*(; 56)2 :)+/&- 2(%+)/+ #/'8()"* 

)*9"&9)*3? )* >"#(&'*+ 8/,/*( 8"*8#/(/? (6/ 4#/2/*8/ ". 2"&%7&/ '&C'&)2? ' ,")2( /*9)#"*,/*( 

'*+ (6/ 4#/2/*8/ ". '&C'&)1#/'8()9/ '33#/3'(/2? 8'%2/2 2)3*).)8'*( '*+ )##/9/#2)7&/ +','3/ )* 

2(#%8(%#/2 +%/ (" 2:/&&)*3 ". (6/ 8"*8#/(/; 56/ 8%##/*( &)(/#'(%#/ "* G]V )* '&C'&)1'8()9'(/+ 

,'(/#)'&2 +"/2 *"( '&&": (6/)# 7/6'9)"%# (":'#+2 (6)2 #/'8()"* (" 7/ 4#/+)8(/+? '&(6"%36 2",/ 

(/*+/*8)/2 6'9/ /,/#3/+ .#", (6/2/ 2(%+)/2; 56/ &'#3/2( *%,7/# ". 2(%+)/2 4/#."#,/+ "* 

'&C'&)1'8()9'(/+ ,'(/#)'&2 $GGN0 8"*8/#*2 '&C'&)1'8()9'(/+ 2&'3 $GG]0? 7%( +"/2 *"( '&&": %2 

(" 8"*8&%+/ "* (6/)# #/2)2('*8/ '3')*2( G]V; ](%+)/2 ". '&%,)*"2)&)8'(/ 2-2(/,2 $7'2/+ "* .&- 

'26 "# ,/('C'"&)*0 26": (6'( (6/- 2//, (" #/2)2( G]V 7/((/# (6'* GG] "# S>D; b%( (6/ 

&),)(/+ *%,7/# ". /B)2()*3 '#()8&/2? )* :6)86 (6/ '88/&/#'(/+ (/2(2? (6/ ."#,%&'()"* '*+ (6/ 

'33#/3'(/2 %2/+ '#/ +)../#/*( ,"2( ". (6/ (),/? 26": (6'( *" 8"*8&%2)"* 8'* '8(%'&&- 7/ +#':* 

#/3'#+)*3 G]V #/2)2('*8/ ". 3/"4"&-,/#2; 56/ 2%7U/8( ". ,/('C'"&)*17'2/+ 3/"4"&-,/# '*+ 

G]V #/,')*2 (" 7/ )*9/2()3'(/+; 

56)2 2(%+- 6'+ (6%2 (:" 4%#4"2/2; <)#2( '* )*9/2()3'()"* :'2 ,'+/ "* (6/ G]V 7/6'9)"%# ". 

,/('C'"&)*17'2/+ 3/"4"&-,/# ,"#('#2 )* 4#/2/*8/ ". 2)B +)../#/*( 2'*+2? 6'9)*3 9'#)"%2 

&/9/&2 ". G]V #/'8()9)(-; 56/ (/2(2 8'##)/+ "%( )*9"&9/+ +),/*2)"*'& 86'*3/2? ,/86'*)8'& 

86'#'8(/#)2()82? '*+ ]QN1Qez '*'&-2)2? )* "#+/# (" +/(/#,)*/ ). (6/ 3/"4"&-,/#2 '#/ '8(%'&&- 

,"#/ #/2)2('*( (" G]V (6'* S>D; G 8",4'#)2"* :)(6 S>D ,"#('#2 :'2 2-2(/,'()8'&&- 8'##)/+ 

"%( (" #/9/'& (6/ #/'8()9)(- ". (6/ 2'*+2 %2/+ '*+ '&2" (" 7#)*3 "%( +)../#/*8/2 )* (6/ 7/6'9)"%# 

". (6/2/ (:" 2-2(/,2; L* ' 2/8"*+ (),/? ' 2(%+- :'2 4/#."#,/+ "* (6/ 9'#)"%2 '88/&/#'(/+ (/2( 

8"*+)()"*2? 7'2/+ "* S>D 2('*+'#+2? 7- 9'#-)*3 2",/ 4'#',/(/#2 (6'( 8"%&+ '../8( (6/ #/2%&(2 

(" /*2%#/ (6/ 9)'7)&)(- ". (6/ 2('(/+ 8"*8&%2)"*2; G (/2( )* *'(%#'& 8"*+)()"*2 '&2" 9/#).)/+ (6/2/ 

8&'),2; 

56)2 86'4(/# )2 7'2/+ "* (6#// 4%7&)26/+ 2(%+)/2! ' +/(')&/+ #/9)/: ". (6/ &)(/#'(%#/ $D-# '*+ 

>"%6/( F_WY0? '* '#()8&/ )* N'(/#)'&2 '*+ ](#%8(%#/2 $>"%6/( '*+ D-# F_WE0 '*+ ' 8"*./#/*8/ 

4#"8//+)*3 ". (6/  L*(/#*'()"*'& D"*./#/*8/ "* c"*15#'+)()"*'& D/,/*( '*+ D"*8#/(/ $>"%6/( 

'*+ D-# F_WY0; 
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667% +&","/*'2&% 08% *.<*.,@*2/,L*/&1% ;,'1&)"% /0% *.<*.,@

*==)&=*/&%)&*2/,0'%

 

56)2 4'#( 4#/2/*(2 (6/ 7)7&)"3#'46)8 +'(' "* (6/ 2%28/4()7)&)(- ". '&C'&)1'8()9'(/+ 7)*+/#2 (" 7/ 

'../8(/+ 7- '&C'&)1'33#/3'(/ #/'8()"* $GGV0; G2 (6)2 #/'8()"* %2%'&&- "88%#2 )* >"#(&'*+ 

8/,/*( 8"*8#/(/2? (6/ ,'8#"1 '*+ ,)8#"28"4)8 ,'*)./2('()"*2 ". '&C'&)12)&)8' #/'8()"* $G]V0? 

'2 :/&& '2 (6/)# ,/86'*)2,2 )* >"#(&'*+ 8/,/*(17'2/+ ,'(/#)'&2 )2 .)#2( /B4&')*/+; 56/* ' 

2-*(6/2)2 ". (6/ #/2%&(2 ."%*+ )* (6/ &)(/#'(%#/ #/3'#+)*3 G]V )* '&C'&)1'8()9'(/+ 7)*+/#2 7'2/+ 

"* .&- '26 '*+ ,/('C'"&)* )2 4#/2/*(/+; 

 1. AAR in Portland cement concrete 

 

G&C'&)1'33#/3'(/ #/'8()"* )2 '* /*+"3/*"%2 #/'8()"* :6)86 %2%'&&- "88%#2 )* >"#(&'*+ 8/,/*( 

8"*8#/(/2; L( )2 3/*/#'(/+ .#", (6/ )*(/#*'& 8",4"*/*(2 ". (6/ )*)()'& 8"*8#/(/ ,)B(%#/? :)(6"%( 

(6/ *//+ ."# /B(/#)"# '33#/22)9/ '3/*(2; 56/ #/'8()"* 4#"+%8(2 '#/ /B4'*2)9/ 8",4"%*+2 

:6)86 )*+%8/ 2(#/22/2? '*+ 6/*8/ 8#'8C)*3? )* 8"*8#/(/; N'*- )*(/#*'()"*'& 8"*3#/22/2 6'9/ 

7//* +/+)8'(/+ (" (6)2 8"*8#/(/ 4'(6"&"3- $LDGGVW (" LDGGVWY0; 56/ (:" 4#)*8)4'& (-4/2 ". 

GGV '#/ (6/ '&C'&)12)&)8' #/'8()"* $G]V0 '*+ (6/ '&C'&)18'#7"*'(/ #/'8()"* $GDV0? (6/ ."#,/# 

7/)*3 ,%86 ,"#/ .#/R%/*( (6'* (6/ &'((/#; 

G&C'&)12)&)8' #/'8()"* $G]V0 :'2 .)#2( )+/*().)/+ )* (6/ W\Y_t2 $]('*("*? W\Y_0 '*+ "88%#2 :6/* 

(6/ ',"#46"%2 "# 4""#&- 8#-2('&&)2/+ 2)&)8' 46'2/ )* '* '33#/3'(/ $/;3; 86/#(? .&)*(? 86'&8/+"*- 

"# "4'&)*/ 2'*+2("*/0 )2 '(('8C/+ '*+ +)22"&9/+ 7- (6/ '&C'&) 6-+#"B)+/2 )* (6/ 8"*8#/(/ 4"#/ 

2"&%()"*; 56/ ."#,'()"* ". '* '&C'&)12)&)8' 3/& &/'+2 (" 8"*8#/(/ 2:/&&)*3 '*+ 8#'8C)*3; G]V 

:)&& +/9/&"4 "*&- ). (6/ ."&&":)*3 8"*+)()"*2 '#/ ."%*+! 2%..)8)/*( ',"%*( ". '&C'&)2 )* 

8"*8#/(/ 4"#/ 2"&%()"*? 2%..)8)/*( ,")2(%#/ &/9/& )* 8"*8#/(/ '*+ #/'8()9/ '33#/3'(/;  

G&C'&)18'#7"*'(/ #/'8()"* $GDV0 )*9"&9/2 (6/ +/1+"&",)()2'()"* $+/8",4"2)()"* ". +"&",)(/ 

(" 7#%8)(/ '*+ 8'&8)(/0 ". 8'#7"*'(/ #"8C2 7- 2(#"*3&- '&C'&)*/ 2"&%()"*2? (" ."#, /B4'*2)9/ 

4#"+%8(2 $]:/*2"*? W\E^? ]:/*2"* '*+ =)&&"(? W\ZY0; 56/ /B4'*2)"* ".(/* "88%#2 :)(6)* (6/ 

'33#/3'(/ 4'#()8&/ 8'%2)*3 8#'8C2 '*+? (6/#/."#/? +/&/(/#)"%2 /B4'*2)"* ". (6/ ,'22; ]",/ 

'%(6"#2 #/4"#( (6'( (6/ +)22"&%()"* ". +"&",)(/ 8"%&+ /B4"2/ 2)&)8'(/ ,)*/#'&2 )*)()'&&- /*8&"2/+ 

)* (6/ &),/2("*/? (" 4#"+%8/ '&C'&)12)&)8' "# 12)&)8'(/ 3/&2 $=)&&"((? W\ZY? K%+/8? W\\_0;  
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1.1 Visual and microscopic manifestations of ASR 

 

G&C'&)12)&)8' #/'8()"* )* >"#(&'*+ 8/,/*( 8"*8#/(/2 8'* 7/ ."%*+ )* +)../#/*( C)*+2 ". 

2(#%8(%#/2; <)3%#/ W 26":2 ' 6-+#'%&)8 +', )* :6)86 G]V :'2 +/(/8(/+ $]/&&)/# /( '&;? F__\0; 

N'418#'8C)*3 4'((/#* )2 ' (-4)8'& )*+)8'("# ". G]V? '*+ (6/ */(:"#C ". 8#'8C2 '44/'#2 :6/* 

(6/ 4#/22%#/ /B/#(/+ 7- (6/ 3/& /B8//+2 (6/ (/*2)&/ 2(#/*3(6 ". (6/ 8"*8#/(/? :6)86 )2 3/*/#'&&- 

'7"%( W_A ". )(2 8",4#/22)9/ 2(#/*3(6; 56/ /B4'*2)"* 8"%&+ '&2" &/'+ (" #/&'()9/ 

+)24&'8/,/*(2 ". +)../#/*( 4"#()"*2 ". (6/ 2(#%8(%#/? :6)86 8'* 8'%2/ 2/#9)8/'7)&)(- 4#"7&/,2; 

K":/9/#? (6/ #)2C ". 8'('2(#"46)8 .')&%#/ )2 &": +%/ (" (6/ 2&": C)*/()82 ". G]V1+/(/#)"#'()"*? 

2)*8/ (6/ #/'8()"* 8"%&+ ('C/ ,'*- -/'#2 (" +/9/&"4; L( 8'* 7/ *"(/+ (6'( 2%#.'8/ +/4"2)(2 

$/..&"#/28/*8/0 ". G]V 3/& "# 8'&8)%, 8'#7"*'(/ 8'* 7/ ."%*+ '&"*3 8#'8C2 )* 8"*8#/(/ 

$<)3%#/ W0; >"4"%(2 8'%2/+ 7- ' .#'3,/*( 7#/'C)*3 "%( ". (6/ 2%#.'8/ ". (6/ 8"*8#/(/ 8'* '&2" 

7/ 2//*; 56/- &/'9/ ' 6"&/ (6'( )2 %2%'&&- FE (" E_ ,, &'#3/; 

 

 

 !"#$%&-(#U0! #18#&,#BD]#/&*b.%&.L0,7#*&$$!%,#0,#&#-&/#
 

G( ' ,'8#"28"4)8 28'&/? (6/ "72/#9'()"* ". G]V1'../8(/+ 8"*8#/(/2 #/9/'&2 (#'8/2 ". 3/& )* 

4"#/2 '*+ '( (6/ )*(/#.'8/ 7/(://* 4'2(/ '*+ '33#/3'(/2 $8)#8&/2 "* <)3%#/ F0; V/'8()"* #),2 

'#/ '&2" 2//* '#"%*+ #/'8()9/ '33#/3'(/2 $'##":2 "* <)3%#/ F0;  
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 !"#$%&/(#U0"2&6#14"!%;&$01,#18#&#-&/b.1,.%!$!#&88!.$!-#4O#BD]E#<0%.6!"#"91 #$%&.!"#18#7!6#0,#*1%!"#&,-#

&77%!7&$!b*%0,$"#HD!660!%#!$#&6E:#_((AJE#
 

G( ' ,)8#"28"4)8 28'&/ $<)3%#/ X'170? (6/ #/'8()"* 4#"+%8(2 ". G]V 6'9/ ' (-4)8'& ,"#46"&"3- 

'*+ 8",4"2)()"* (6'( 8'* /'2)&- 7/ )+/*().)/+ %2)*3 28'**)*3 /&/8(#"* ,)8#"28"4- $]QN0 '*+ 

/*/#3- +)24/#2)9/ z1#'- 24/8(#",/(#- $Qez0; ],""(6 (/B(%#/2 '#/ %2%'&&- 86'#'8(/#)2()8 ". 

-"%*3 3/&2 $<)3%#/ X80? :6)&/ "&+/# 3/&2 ".(/* 8#-2('&&)2/ '2 #"2/((/1(-4/2 ,"#46"&"3)/2 

$<)3%#/ X+0; 

 

 
 !"#$%& 0(# jO*0.&6# /1%*916170!"# &,-# .1/*1"0$01,# 18# BD]b%!&.$01,# *%1-2.$"# 14$&0,!-#  0$9# ".&,,0,7# !6!.$%1,#
/0.%1".1*O# HD?IJ# &,-# !,!%7O# -0"*!%"0;!# sb%&O# "*!.$%1/!$%O# H?gsJE# H&:4:.J# D?I# /0.%17%&*9"# &,-# ?gs#
"*!.$%2/# 18# BD]b7!6# H.%&.L"#  !%!# *%1;1L!-# 4O# $9!# -%O0,7# 0,# $9!# /0.%1".1*!# .9&/4!%J:# H-J# ]1"!$$!b$O*!#
/1%*91617O#18#.%O"$&660"!-#7!6E#

10mm

rim

gel

gel

a

c d

Ca

Ca

Si

KNa

b
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L* (6/ &'7"#'("#-? (6/ ,')* (/2(2 (" )+/*().- #/'8()9/ '33#/3'(/2 "# #/'8()9/ 8"*8#/(/ 

."#,%&'()"*2 '#/ 7'2/+ "* /B4'*2)"* ,/'2%#/,/*(2? '&(6"%36 "(6/# C)*+ ". (/2(2 8'* 7/ 

4/#."#,/+? 2%86 '2 4/(#"3#'46)8 /B',)*'()"*? 86/,)8'& (/2(2? /(8; e%/ (" (6/ &"*3 (),/ *//+/+ 

."# (6/ +/9/&"4,/*( ". G]V? (6/2/ (/2(2 *//+ (" 7/ '88/&/#'(/+ ,"2( ". (6/ (),/ ."# &'7"#'("#- 

(/2()*3; 56/ ,')* 4#"7&/, )2 (6%2 (" ,'C/ 2%#/ (6'( (6/ '88/&/#'(/+ (/2(2 +" *"( &/'+ (" ' 

+/*'(%#'()"* ". (6/ 46/*",/*"* '*+ 2" 4#"9)+/ ,)2&/'+)*3 )*."#,'()"*; 56)2 )2 ' C/- 4")*( 

(6'( :'2 2(%+)/+ '*+ +)28%22/+ ."# 2/9/#'& -/'#2 )* (6/ 8'2/ ". >"#(&'*+ 8/,/*( 8"*8#/(/2? '*+ 

)( ,%2( 7/ /B4/8(/+ (6'( )( :)&& 7/ (6/ 2',/ ."# '&C'&)1'8()9'(/+ ,'(/#)'&2 $GGN0; 

 

1.2 Mechanisms of ASR 

 

56/ 4#/2/*8/ ". '&C'&)2 '*+ #/'8()9/ 2)&)8' '#/ */8/22'#- 8"*+)()"*2 ."# G]V (" "88%#; L* 

>"#(&'*+ 8/,/*( 8"*8#/(/2? '&C'&)2 8",/ ,')*&- .#", (6/ 8/,/*(? 7%( '33#/3'(/2? ,)*/#'& 

'++)()9/2 '*+ "#3'*)8 '+,)B(%#/2 8'* 7#)*3 2",/ '*+ '#/ %2%'&&- ('C/* )*(" '88"%*(; L( )2 

".(/* #/8"3*)2/+ (6'( 8"*8#/(/ )2 .#// ". '7*"#,'& /B4'*2)"* +%/ (" G]V ). (6/ '&C'&) 8"*(/*( 

)* (6/ ,)B(%#/ +"/2 *"( /B8//+ X1E C3 ". c'FS/R 4/# ,X ". 8"*8#/(/ $V"3/#2 '*+ K""("*? 

W\\W? K"772? W\\X? 56",'2 /( '&;? W\\Z? ]6/6'(' '*+ 56",'2? F___0; L( 26"%&+ 7/ *"(/+ (6'( 

)* (6/ 8'2/ ". GGN? (6/ '&C'&) 8"*(/*( 8"%&+ #/'86 9'&%/2 ". ,"#/ (6'* Y_ C3 4/# ,X; 

 

56/ +)../#/*( ."#,2 ". ])SF (6'( 6'9/ 7//* #/4"#(/+ (" 7/ '&C'&)1#/'8()9/ )*8&%+/ "4'& "# 

"4'&)*/ 2)&)8'? 86'*8/+"*-? 8#)2("7'&)(/? (#)+-,)(/? ,)8#"8#-2('&&)*/? 8#-4("8#-2('&&)*/ '*+ 

6)36&-12(#')*/+ R%'#(H? '*+ ',"#46"%2 2)&)8' ."%*+ )* 9"&8'*)8 "# '#().)8)'& 3&'22/2 $]),2 '*+ 

c)B"*? F__X0; N'*- '33#/3'(/2 )* (6/ :"#&+ 8'* 7/ ("('&&- "# 4'#(&- 8",4"2/+ ". "*/ "# ,'*- 

". (6/2/ ."#,2 ". #/'8()9/ 2)&)8'; N"2( ". (6/, :/#/ &)2(/+ 7- VLOQN 5D W\W1GV> $]),2 '*+ 

c)B"*? F__X0? (6/ ,')* "*/2 7/)*3! '*+/2)(/? 86/#(? 3#'*)(/? 3*/)22? 3#/-:'8C/? 2)&)8/"%2 

&),/2("*/? R%'#(H)(/? #6-"&)(/? 2'*+2("*/ '*+ (%..; 56/ 2)&)8' )* '33#/3'(/2 )2 8",4"2/+ ". 

2)&"B'*/ 7#)+3/2 $])1S1])0? '*+ 2%#.'8/2? 7"(6 /B(/#*'& '*+ )*(/#*'&? '#/ 8"9/#/+ :)(6 2)&'*"& 

3#"%42 $])1SK0; 

 

G]V )* 8"*8#/(/ )2 )*)()'(/+ 7- (6/ +)22"&%()"* ". (6/ +)../#/*( ."#,2 ". '8()9/ 2)&)8'(/2 4#/2/*( 

)* (6/ '33#/3'(/; e/*( =&'22/# '*+ q'('"C' $W\[W'? W\[W70 )+/*()�/+ (:" ,/86'*)2,2 

&/'+)*3 (" (6/ +)22"&%()"* ". 2)&)8' )* (6/ 8"*8#/(/ /*9)#"*,/*(! 6-+#"B-& )"* '(('8C ". 

2)&"B'*/ 7#)+3/2 $/R%'()"* W0 '*+ #/'8()"* ". 6-+#"B)+/ )"*2 :)(6 2)&'*"& 3#"%42 $/R%'()"* F0 
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≡ !" − $ − !" ≡ +2$'
(
→≡ !" − $

(
+ $

(
− !" ≡ +'*$  $W0 

 

≡ !" − $' + $'
(
→≡ !" − $

(
+ '*$      $F0 

 

56/ */3'()9/&- 86'#3/+ ])uSu 24/8)/2 '((#'8(2 4"2)()9/ 86'#3/2 2%86 '2 c'|? q| '*+ D'F|? 

:6)86 +)..%2/ )*(" (6/ #/'8()"* 4#"+%8( )* 2%..)8)/*( *%,7/#2 (" 7'&'*8/ (6/ 86'#3/ "* (6/ 

*/3'()9/&- 86'#3/+ 3#"%42; 56/ '44#"B),'(/ 2(")86)",/(#- ". (6/ #/'8()"* 4#"+%8(? :6/* 

8"*2)+/#)*3 2"+)%,? :"%&+ 7/ c'_;X[])SF;W\ $e/*( =&'22/# '*+ q'('"C'? W\[W'0; 

 

56/ #/'8()"* 4#"+%8( )2 %2%'&&- )+/*().)/+ '2 ' 3/&1&)C/ 2(#%8(%#/ :6)86 6'2 ' 6)36/# 24/8).)8 

9"&%,/ (6'* (6'( ". (6/ #/4&'8/+ ])SF; G88"#+)*3 (" =&'22/# $W\\F0? (6)2 8#/'(/2 2:/&&)*3 

4#/22%#/? /B4'*2)"* '*+ 8#'8C)*3 :6)86 '#/ 86'#'8(/#)2()8 ". (6/ '&C'&)12)&)8' #/'8()"*; 56/ 3/& 

8"%&+ '&2" 4/#,/'(/ (6#"%36 ' 4'#( ". (6/ 8"**/8(/+ 4"#"%2 9"&%,/ 7/(://* '33#/3'(/ '*+ 

8/,/*( 4'2(/ '*+ .)&&2 ' 4'#( ". (6/ 8"**/8(/+ 4"#"2)(- $r"*/2? W\[[0; 56/* (6/ 3/& :"%&+ /B/#( 

' 4#/22%#/ "* (6/ 8/,/*( 4'2(/? :6)86 ,)36( 8'%2/ 8#'8C)*3 '*+ /B4'*2)"* ". (6/ 8"*8#/(/; 

 

S(6/# 6-4"(6/2/2 :/#/ ,'+/ (" /B4&')* (6/ /B4'*2)"* 7/6'9)"%# #/&'(/+ "# *"( (" (6/ 

4#"+%8()"* ". (6/ 3/&! "2,"()8 4#/22%#/ $e/*(1=&'22/#? W\^\? e)',"*+? W\[\0? +"%7&/ &'-/# 

(6/"#- $>#/HH) /( '&;? W\\^0? 8#-2('&&)2'()"* 4#/22%#/ (6/"#- $e#"* '*+ '&;? W\\^0? '33#/3'(/ 

2:/&&)*3 (6/"#- $='#8)'1e)'H /( '&;? F__Z0;  

 

2. AAR in alkali-activated binders 

 

G ./: 2(%+)/2 /B)2( '7"%( (6/ '22/22,/*( ". '&C'&)1'33#/3'(/ #/'8()"* ". '&C'&)1'8()9'(/+ 

7)*+/#2? ,"2( ". (6/, #/3'#+)*3 (6/ '&C'&)1'8()9'(/+ 2&'3; N'*- ". (6/, :/#/ 8'##)/+ "%( 7- 

%2)*3 (/2(2 2%86 '2 G]5N DWFZ_? :6)86 8"*2)2(2 )* '88/&/#'()*3 (6/ #/'8()"* 7- 8"*2/#9)*3 

,"#('# 2',4&/2 '( [_JD )* WN c'SK 2"&%()"* ."# WY +'-2; 56)2 (/2( )2 R%)(/ #'4)+? 2)*8/ (6/ 

#/2%&(2 '#/ '9')&'7&/ )* (:" ://C2? 7%( (6/ 8"*+)()"*2 ". (6/ (/2(2 '#/ #/&'()9/&- 6'#26 '*+ )( 8'* 

7/ :"*+/#/+ ). (6)2 (/2( )2 #/'&&- #/4#/2/*('()9/ ". :6'( 8"%&+ 7/ ."%*+ )* #/'& 2(#%8(%#/2; 5" 

(6/ '%(6"#o2 C*":&/+3/? *" )*12)(% (/2(2 '#/ #/4"#(/+ )* (6/ &)(/#'(%#/ ."# GGV ". '&C'&)1

'8()9'(/+ 7)*+/#2? /B8/4( ,'-7/ (6/ &"*3 (/#, 8"*2(#%8()"* ,'+/ )* V%22)' '*+ D6)*' '*+ 

#/4"#(/+ 7- ]6) /( '&; $F__E0? 7%( :)(6"%( C*":)*3 ). (6/ '33#/3'(/2 :/#/ 4"(/*()'&&- #/'8()9/ 

"# *"(; 
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GGN 8'* 7/ 2/4'#'(/+ )*(" (:" 8'(/3"#)/2 #/3'#+)*3 (6/)# 9%&*/#'7)&)(- (" GGV? '&C'&)1

'8()9'(/+ 2&'3 '*+ '&C'&)1'&%,)*"12)&)8'(/? 2)*8/ (6/ 8",4"2)()"* ". (6/ #': ,'(/#)'&2 '#/ 9/#- 

+)../#/*( ."# (6/ (:" (-4/2 ". GGN? (6/ ."#,/# 6'9)*3 6)36 ',"%*(2 ". 8'&8)%, :6)&/ (6/ 

&'(/# %2%'&&- 6'9/ ,%86 &/22 ". (6)2 /&/,/*(; 56/ 4#/2/*8/ ". 8'&8)%, 8"%&+ 6'9/ ' 2)3*).)8'*( 

)*.&%/*8/ "* (6/ 2:/&&)*3 ". 8/,/*(17'2/+ ,'(/#)'&2 8"*(')*)*3 '&C'&)1#/'8()9/ '33#/3'(/2 

$e)',"*+? W\[\0;  

L* (6/ 8"*(/B( ". (6)2 2(%+-? "*&- #/9)/:2 #/./##)*3 (" (6/ '&%,)*"2)&)8'(/ 2-2(/,2 6'9)*3 &": 

8'&8)%, 8"*(/*( '#/ 4#/2/*(/+ '*+? '2 *" GDV #/./#/*8/2 6'9/ 7//* ."%*+? "*&- G]V )2 

(#/'(/+; V/3'#+)*3 (6/ '&C'&)1'8()9'(/+ 2&'3 2-2(/,2? :6)86 '#/ ,"#/ /B(/*2)9/&- +/(')&/+ )* 

(6/ &)(/#'(%#/? (6/- 6'9/ 7//* (#/'(/+ )* ' +/(')&/+ #/9)/: ". (6/ &)(/#'(%#/ $D-# '*+ >"%6/( 

F_WY0; 

2.1 ASR in alkali-activated fly ash systems 

 

5:" 2(%+)/2 4'#(&- "# ("('&&- +/+)8'(/+ (" G]V ". '8()9'(/+ .&- '26 $GG<G0 2-2(/,2 :/#/ 

8'##)/+ "%( 7- </#*v*+/H1r),l*/H? >'&"," '*+ ='#8�'1O"+/)#" $</#*'*+/H1r),/*/H /( '&;? 

F__^? ='#8�'1 O"+/)#" /( '&;? F__^0; 56/ '%(6"#2 %2/+ ' 2('*+'#+)2/+ (/2( $G]5N DWFZ_0 (" 

/9'&%'(/ (6/ G]V ". GG<G 2-2(/,2 8",4'#/+ (" (6"2/ 8"*(')*)*3 >"#(&'*+ 8/,/*(? 7- 

,/'2%#)*3 (6/ +),/*2)"*'& 9'#)'()"* ". 2',4&/2 ". 2)H/ F;EBF;EBF[;E 8, ),,/#2/+ )* ' WN 

2"&%()"* ". 2"+)%, 6-+#"B)+/ '( [EJD $)*2(/'+ ". [_JD '2 24/8).)/+ )* (6/ 2('*+'#+0; L* S>D 

2-2(/,2? (6/ /B4'*2)"* ,%2( 7/ 7/&": _;WA '.(/# WZ +'-2 ". ),,/#2)"* (" 7/ )*+)8'()9/ ". 

)**"8%"%2 7/6'9)"%# )* ,"2( 8'2/2; L* (6/ :"#C ". </#*'*+/H1r),/*/H /( '&; $F__^0? (6/ 

/B4'*2)"* (/2(2 :/#/ 8'##)/+ "%( :)(6 ' 2)&)8/"%2 2'*+ 8",4"2/+ ". R%'#(H '*+ 8'&8)(/? 

8",,"*&- %2/+ (" ,'C/ 8"*8#/(/ )* ]4')* '*+ #/3'#+/+ '2 *"*1#/'8()9/; ='#8�'1 O"+/)#" /( 

'&; $F__^0 2(%+)/+ (6/ 7/6'9)"%# ". (6#// +)../#/*( (-4/2 ". ,"#('# ."# 7"(6 2-2(/,2 $S>D '*+ 

GG<G0! "*/ 8"*(')*)*3 (6/ *"*1#/'8()9/ 2)&)8/"%2 2'*+? "*/ ,'+/ ". "4'& 2'*+? '*+? .)*'&&-? 

"*/ :6)86 :'2 ' ,)B(%#/ ". \_ A *"*1#/'8()9/ 2'*+ '*+ W_A ". "4'& 2'*+; 56/ 7)*+/# )* (6/ 

>"#(&'*+ 8/,/*( #/./#/*8/2 :'2 ' DQN L :)(6 &": '&C'&) 8"*(/*( $c'FS/R ". _;YZA0; GG<G 

,"#('#2 :/#/ ,'+/ :)(6 (:" 2),)&'# ]4'*)26 (-4/ < .&- '26/2? :)(6 &": 8'&8)%, 8"*(/*( $D'S 

MX;FWA '*+ F;YYA0 '*+ ' ])SFaG&FSX #'()" '#"%*+ F;W; 56/ '8()9'()*3 2"&%()"* :'2 8",4"2/+ 

". '* [N c'SK 2"&%()"* "# ' ,)B(%#/ ". [EA WF;EN c'SK | WEA 2"+)%, 2)&)8'(/ 

$])SFac'FS M _;WZ0; 56/ 2'*+a7)*+/# ,'22 #'()" ". (6/ ,"#('#2 :'2 F;FE '*+ (6/ &)R%)+a2"&)+ 

#'()" :'2 _;Y^; 56/ ,"#('#2 :/#/ )*)()'&&- 8%#/+ ."# F_ 6 '( [EJD '*+ ' #/&'()9/ 6%,)+)(- ". 

\\A;  
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56/ /B4'*2)"* #/2%&(2 ."# ),,/#2)"* '3/2 %4 (" WZ +'-2 '#/ 3)9/* "* <)3%#/ Y; 56/ (/2(2 :/#/ 

4#"&"*3/+ (" \_ +'-2 $='#8�'1 O"+/)#" /( '&;? F__^ u b "* (6/ <)3%#/20 '*+ W[_ +'-2 

$</#*'*+/H1r),/*/H /( '&;? F__^ u G "* (6/ <)3%#/20? '2 26":* "* <)3%#/ Y; L( :'2 2//* (6'( 

'&& #/./#/*8/ ,"#('#2 :)(6 >"#(&'*+ 8/,/*( 26":/+ 9/#- 6)36 /B4'*2)"*2? (6/ 9'&%/ ". _;WA 

7/)*3 /B8//+/+ 7/."#/ (6/ *)*(6 +'-; 56/ /B4'*2)"*2 ". ,"#/ (6'* _;F_ A '( WZ +'-2 '.(/# 

8'2()*3 :/#/ )*+)8'()9/ ". 4"(/*()'&&- +/&/(/#)"%2 /B4'*2)"*? '88"#+)*3 (" G]5N DWFZ_; 56/ 

,'B),%, /B4'*2)"* :'2 "7(')*/+ ."# (6/ S>DX? :6)86 8"*(')*/+ W_A ". "4'& $4/22),%, 

/../8( ". (6)2 '33#/3'(/ $K"772? W\[[00; L( )2 *"(/:"#(6- (6'( (6/ 2)&)8/"%2 2'*+? 8"*2)+/#/+ 7- 

(6/ '%(6"#2 '2 *"*1#/'8()9/? 4#/2/*(/+ ,%86 6)36/# /B4'*2)"* 9'&%/2 (6'* (6/ &),)( ),4"2/+ 

7- (6/ (/2(; 56)2 8"%&+ 6'9/ 7//* +%/ (" (6/ 4#/2/*8/ ". 8#-4("8#-2('&&)*/ R%'#(H )* )(2 

2(#%8(%#/;  

 

 
 !"#$%&1(#?+*&,"01,#18#/1%$&%"#/&-!#18#Q1%$6&,-#.!/!,$#HZQ<J#&,-#&.$0;&$!-#86O#&"9#HBBCBJ#2*#$1#'F#-&O"#H&J#
&,-# '3(# -&O"# H4J:# &..1%-0,7# $1# BDjI# <'_F(# H35T<# 0,# 'I# S&ZNJE# g&$&# 8%1/# C!%,&,-!lbh0/!,!l# !$#
&6EH_((XJHBJ#&,-#@&%.x&b#)1-!0%1#!$#&6E#H_((XJH\JE#
 

=/*/#'&&- 24/'C)*3? (6/ '&C'&)1'8()9'(/+ .&- '26 ,"#('#2 4#/2/*(/+ ,%86 &":/# /B4'*2)"*2 

(6'* (6/)# S>D #/4&)8'(/; K":/9/# )( 8'**"( 7/ 2')+ (6'( GG<G 2-2(/,2 :/#/ 8",4&/(/&- 2'./ 

#/3'#+)*3 G]V 2:/&&)*3; S* (6/ "*/ 6'*+? 2",/ #/2%&(2 :/#/ )*+)8'()9/ ". )**"8%"%2 

7/6'9)"%# $/B4'*2)"* P _;WA '( WZ+0? ."# )*2('*8/ GG<G ,)B(%#/2 :)(6 2)&)8/"%2 2'*+ '2 (6/ 

2"&/ '33#/3'(/ '*+ c'SK '2 (6/ 2"&/ '8()9'("#; b%( "* (6/ "(6/# 6'*+? ' ./: GG<G ,"#('#2 

26":/+ +)2(%#7)*3 7/6'9)"%#! 

1 GG<G`? 8"*(')*)*3 ' 2)&)8/"%2 2'*+ '*+ '* '8()9'("# ,'+/ ". WEA ". 2"+)%, 2)&)8'(/ 

'*+ [EA ". WF;EN c'SK? 26":/+ ' 2)3*).)8'*( /B4'*2)"* )* (6/ .)#2( +'-2 ". (6/ (/2(? '*+ 

."&&":/+ ' 2),)&'# (#/*+ '2 (6'( ". S>D; K":/9/#? *" 2%#.'8/ 8#'8C)*3 :'2 2//* '.(/# WZ+; 

G88"#+)*3 (" (6/ '%(6"#2? (6/ 8"*+)()"*2 ". (6/ '88/&/#'(/+ (/2( ,'- 6'9/ 8'%2/+ (6/ 



Chapter IV. Alkali-silica reaction in metakaolin-based geopolymer  

 

- 203 - 
 

."#,'()"* ". G]V1/B4'*2)9/ 4#"+%8(2 '*+a"# H/"&)(/2 (6'( :'2 7/&)/9/+ (" 7/ (6/ 8'%2/ ". ' 

8/#(')* ',"%*( ". 2(#/22? :6)86 :"%&+ 8"*(#)7%(/ (" (6/ /B4'*2)"* +/(/8(/+; 

1 G<Gc? 8",4"2/+ ". ' 2)&)8/"%2 2'*+ '*+ '8()9'(/+ 7- ' [N c'SK 2"&%()"*? 4#/2/*(/+ '* 

)*8#/'2/ )* )(2 C)*/()82 ". /B4'*2)"* '.(/# W__ +? &/'+)*3 (" (6/ R%/2()"* ". :6/(6/# (6/ 

G]V :'2 "*&- +/&'-/+; K":/9/#? )( 26"%&+ 7/ 2')+ (6'( W__ + '( [EJD )* WN c'SK 

2"&%()"* 8"%&+ #/4#/2/*( ' 9/#- &"*3 (),/ :6/* 8",4'#/+ (" )* 2)(% 8"*2/#9'()"*; 

1 GG<GX? ,'+/ ". W_A "4'& 2'*+? 6'+ '* /B4'*2)"* 2&)36(&- 6)36/# (6'* (6/ &),)( ". _;WA 

'( WZ +; 

1 56/ /B4'*2)"* #/2%&(2 ". GG<GF? 8"*(')*)*3 W__A "4'& 2'*+ '*+ '8()9'(/+ 7- '* [N 

c'SK 2"&%()"*? :/#/ *"( 4#/2/*(/+ )* (6/ 4'4/# +%/ (" (6/ /'#&- +/(/#)"#'()"* ". (6/ 

24/8),/*2; 56)2 :'2 4#"7'7&- 8'%2/+ 7- '* '&,"2( ),,/+)'(/ +)22"&%()"* ". (6/ 6)36&- 

#/'8()9/ 2)&)8' .#", "4'&? '2 4#"9/+ 7- (6/ +)2'44/'#'*8/ ". (6/ 86'#'8(/#)2()8 zVe 4/'C ". 

(6)2 ,)*/#'&; 

 

L* 7"(6 4'4/#2? 2(%+)/2 :/#/ '&2" ,'+/ :)(6 ]QN a Qez '*+ zVe (" 7/((/# %*+/#2('*+ (6/ 

,/86'*)2,2 ". G]V )* S>D '*+ GG<G ,'(#)8/2; S>D 2-2(/,2 $='#8�'1 O"+/)#" /( '&;? F__^0 

26":/+ (6/ 4#/2/*8/ ". 3/& :)(6 6)36 2"+)%, 8"*8/*(#'()"* '( WZ +'-2 '*+ 3/& ,"#46"&"3- 

2%86 '2 f#"2/((/ f? f42/%+"1#"2/((/f "# f#"+f '( \_ +'-2; G +#"4 ". 4"#(&'*+)(/ 8"*(/*( 

86'#'8(/#)2/+ 7- ' +/8#/'2/ ". zVe14/'C )*(/*2)()/2 :'2 ."%*+ 7/(://* WZ '*+ \_ +'-2; 56)2 

:'2 )*(/#4#/(/+ '2 '* )*8"#4"#'()"* ". 8'&8)%, )* (6/ G]V 3/&2;  

L* GG<Gc? ]QN "72/#9'()"*2 '( WZ +'-2 +)+ *"( #/9/'& (6/ ."#,'()"* ". (-4)8'& 3/& 2(#%8(%#/ 

". G]V? 7%( 8#-2('&&)*/ 46'2/2 ". H/"&)(/2 :/#/ ."%*+! 6-+#"B-2"+'&)(/? 6/#286/&)(/ '*+ H/"&)(/ 

> $</#*'*+/H1 r),/*/H '*+ '&; F__^0; 56/ 4#/2/*8/ ". H/"&)(/ > :'2 /B4&')*/+ 7- (6/ 9/#- 

'33#/22)9/ 8"*+)()"*2 (" :6)86 (6/ 24/8),/*2 :/#/ 2%7U/8(/+; G( W[_ +'-2 ]QN "72/#9'()"* 

26":/+ 2,'&& ',"%*(2 ". '&C'&)12)&)8'(/ 3/& 8"*(')*)*3 8'&8)%, $D'a]) M _;WE '*+ c'a]) M 

_;^F0 :)(6 42/%+"1#"2/((/2 ,"#46"&"3-? '*+ ' 2%44&/,/*('#- H/"&)(/ 46'2/! '*'&8),/ $])aG& M 

F;Y_ '*+ c'aG& M W;FZ0 $</#*'*+/H1 r),/*/H '*+ '&;? F__^0; 56)2 ,)36( /B4&')* (6/ )*8#/'2/ )* 

(6/ C)*/()8 ". /B4'*2)"* ". (6)2 ,"#('# '.(/# W__ +; 

<"# GG<GW? ='#8�'1 O"+/)#" /( '&; $F__^0 ."%*+ ,')*&- '* ',"#46"%2 46'2/ :)(6"%( 8'&8)%, 

'( WZ +'-2 $>Y "* <)3%#/ E'0; G( \_ +'-2? )* '++)()"* (" (6)2 ',"#46"%2 46'2/? (6/- ."%*+ (6/ 

4#/2/*8/ ". H/"&)(/2 > $>E "* <)3%#/ E70? 7%( '&2" 9/#- ./: '&C'&) 1'33#/3'(/ #/'8()"* 4#"+%8(2 

:)(6 ' 42/%+"1#"2/((/ (-4/ ,"#46"&"3- $>Y "* <)3%#/ E70; 56/ 2',/ "72/#9'()"*2 :/#/ ,'+/ 

."# GG<GX? :)(6 ' 3#/'(/# ',"%*( ". H/"&)(/ 4#"7'7&- +%/ (" (6/ W_A ". 6)36&- #/'8()9/ 2)&)8' 

)*(#"+%8/+ 7- (6/ "4'& $<)3%#/ E80; 
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 !"#$%&'(#Q91$1/0.%17%&*9#18#BBCB'#/1%$&%#H&J#&$#'F#-&O"E#HQVJ#*%1-2.$#18#&6L&60,!#&.$0;&$01,G#H4J#B$#A(#-&O":#
l!160$0.#.%O"$&660,!#.1/*12,-"#0,#$9!#/&$%0+#HQ5JG#BD]#*%1-2.$# 0$9#&#=%1"!$$!b$O*!>#/1%*91617O#HQFJE#B,-#18#
CB`#/1%$&%#H.J#&$#A(#-&O"E#HQ''J#BD]#*%1-2.$# 0$9#&#=*"!2-1#%1"!$$!b$O*!>#/1%*91617OE#Q0.$2%!"#8%1/#@&%.x&b#
)1-!0%1#!$#&6E#H_((XJE#
 

G&(6"%36 2",/ /9)+/*8/ ". '* '(('8C ". (6/ '33#/3'(/2 :'2 ."%*+ )* (6/ 8'2/ ". GG<G? 

#/+%8/+ /B4'*2)"*2 8",4'#/+ (" (6'( ". S>D 2-2(/,2 :/#/ "7(')*/+; G88"#+)*3 (" (6/ 

'%(6"#2 ". (6/2/ 4'4/#2? (6)2 8"%&+ 7/ +%/ (" +)../#/*( .'8("#2! 

 

1 G +/.)8)/*8- )* 8'&8)%,? :6)86 6'2 '* /22/*()'& #"&/ )* G]V? '2 '&#/'+- 2('(/+ )* +)../#/*( 

2(%+)/2 $e/*( =&'22/# '*+ q'('"C'? W\[F? D6'((/#U)? W\^\? 56",'2? W\\[0; ]/9/#'& '%(6"#2 

$b&/2H-*2C) '*+ 56",'2? W\\[? ]6/6'(' '*+ 56",'2? F___0 4#"9/+ (6'( (6/ '++)()"* ". 

D'$SK0F 4#","(/+ G]V1)*+%8/+ /B4'*2)"* '*+ "(6/#2 $K"% /( '&;? F__Y0 26":/+ (6'( 

(6/#/ :'2 ' +)#/8( #/&'()"*26)4 7/(://* 4"#(&'*+)(/ %4('C/ '*+ (6/ ."#,'()"* ". G]V 3/&2; 

 

1 G&C'&)12)&)8'(/ 3/& :)(6 42/%+"1#"2/((/2 ,"#46"&"3- :"%&+ 7/ 2%..)8)/*(&- .&%)+ (" 2//4 

(6#"%36 8#'8C2 '*+ 4'#()'&&- "# 8",4&/(/&- .)&& (6/ 3'42 )* (6/ ,'(#)B? (6/#/7- '((/*%'()*3 

/B4'*2)"*; 

 

1 56/ )*8#/'2/ )* H/"&)(/ 8"*8/*(#'()"* +%/ (" (6/ G]V :"%&+ *"( 7/ 6'#,.%&? 7/8'%2/ (6/- 

'#/ *"#,'&&- ."#,/+ '2 ' 4#/8)4)('(/ )* (6/ 4#//B)2()*3 4"#/2 )* (6/ ,'(#)B? (6/#/7- (6/)# 

3#":(6 :"%&+ *"( 8'%2/ 2(#/22 :6)86 8"%&+ &/'+ (" (6/ ."#,'()"* ". 8#'8C2;  

K":/9/# )( ,%2( 7/ C/4( )* ,)*+ (6'( ,"#/ #/'&)2()8 8"*+)()"*2 ". 8"*2/#9'()"* $(6'* [EJD 

)* WN c'SK 2"&%()"*0 2()&& *//+ (" 7/ (/2(/+ (" 8"*.)#, (6/ 4"22)7&/ )**"8%"%2 7/6'9)"%# 

". '&C'&)1'8()9'(/+ .&- '26 2-2(/,2; 
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2.3 ASR in alkali-activated metakaolin 

 

56/ #/2%&(2 "* ,/('C'"&)*17'2/+ 3/"4"&-,/#2 '#/ #'#/; O) /( '&; $F__E? F__Z0 8",4'#/+ (6/ 

G]V17/6'9)"%# ". 8/,/*(17'2/+ 7)*+/#2 $>"#(&'*+ 8/,/*( '*+ 2&'3? .&- '26 '*+ 2)&)8' .%,/0 

(" "*/ 3/"4"&-,/# 8",4"2/+ ". ,/('C'"&)*? .&- '26? 2)&)8' .%,/ '*+ '&C'&)1'8()9'("#; 56/ 

'&C'&) 8"*(/*( )* (6/ 3/"4"&-,/# #/'86/+ WF;WA; 56/ #/'8()9/ '33#/3'(/ :'2 ' 8#%26/+ R%'#(H 

3&'22 :)(6 '* ',"#46"%2 2)&)8' 8"*(/*( ". ,"#/ (6'* \_A; 56/ G]V (/2( :'2 7'2/+ "* G]5N 

DYYW? )(2/&. 7'2/+ "* G]5N DFF^ $X[JD0; 56/ #/2%&(2 26":/+ (6'( (6/ 6)36/# /B4'*2)"*2 

:/#/ "7(')*/+ ."# ,"#('#2 8"*(')*)*3 >"#(&'*+ 8/,/*( "*&-? ."&&":/+ 7- ,)B(%#/2 :)(6 

4"HH"&'*2 $ZE (" [FA #/+%8()"* ". /B4'*2)"*0; 56/ 3/"4"&-,/# ,"#('#? :6)86 8"*(')*/+ ' 

,%86 6)36/# '&C'&) 8"*(/*( (6'* S>D17'2/+ ,"#('#2 $WF;WA 92; &/22 (6'* WA0? &/+ (" 

*/3&)3)7&/ &/*3(6 9'#)'()"*2 $_;_WA '( WY +'-2 '*+ 1_;_XA '( \_ +'-20; G88"#+)*3 (" (6/ 

'%(6"#2? f3/"4"&-,/#2 +" *"( 3/*/#'(/ '*- +'*3/#"%2 '&C'&)12)&)8' #/'8()"*f? 2)*8/ (6/#/ 

:"%&+ 7/ *"( /*"%36 .#// '&C'&)2 (" #/'8( :)(6 (6/ #/'8()9/ '33#/3'(/ '*+ (6%2 4#"+%8/ '&C'&)1

2)&)8' 3/&? '2 c'| '*+ q| '#/ .)B/+ )* (6/ .#',/:"#C 8'9)()/2 ". ])SY '*+ G&SY (" 7'&'*8/ (6/ 

*/3'()9/ 86'#3/ ". G&X|; 

 

 

2!3%$43#$%&56&789&4:;&46<&=%34>458!6&?4:%<&:9:3%=:&4$%&3;%$%75$%&653&@56@8#:!A%&$%"4$<!6"&

3;%&:#:@%B3!?!8!39&57&3;%:%&=43%$!48:&35&CDE(&F;5:%&:3#<!%:&"%6%$4889&B$5A!<%&$%:#83:&56&5689&

4&7%G&<!77%$%63&4""$%"43%:H&46<&#:%&4&:!6"8%&4@@%8%$43%<&3%:3&35&4::%::&3;%&!=B4@3&57&3;%&CDE&

56& 3;%& "%5B589=%$(& F;%& B#$B5:%& 57& 3;!:& :3#<9& !:& 3;%$%75$%& 35& %A48#43%& 4:& 3;5$5#";89& 4:&

B5::!?8%&3;%&?%;4A!5#$&57&=%34>458!6I?4:%<&"%5B589=%$&4"4!6:3&CDEH&?9&#:!6"&:%A%6&:46<&

4""$%"43%:&;4A!6"&A4$!4?8%&$%4@3!A!39&?#3&48:5&?9&@5=B4$!6"& 3;%& !678#%6@%&57& 3;%&<!77%$%63&

@56<!3!56:&57&4@@%8%$43%<&46<&643#$48&3%:3!6"(&

 %
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6667%9*/&),*."%*'1%9&/401"%

1. Material 

1.1 Binders  

 

56/ $'(/#)'&2 %2/+ )* (6)2 2(%+- :/#/! 

1 A'&8)*/+ .&'26 $/('0'"&)* ,5'3&/ W4 

1 A/$/*(! ABC D EF;E c AB A>F c7 ,_;Y[9 c'FJ /R%)<'&/*(4? '88"#+)*= (" c7 Bc 

W\^1W ,5'3&/ W4 

1 `'(/#=&'22 2"&%()"*? $"&'# #'()" ])JFac'FJ @ X;X ,`=X;X4 

1 >%#/1=#'+/ c'JK '*+ GJK 

 

H&& (6/ =/"I"&-$/#2 :/#/ $'+/ %2)*= (6/ L.&'26M $/('0'"&)* 2(%+)/+ I#/<)"%2&-; 56/ 

'8()<'()*= 2"&%()"* :'2 '* )*+%2(#)'& :'(/#=&'22 2"&%()"* ,NO("& Y\5? `"/&&*/#4 8"*(')*)*= [9 

c'FJ 3- $'22 '*+ 6'<)*= '* ])JFac'FJ $"&'# #'()" ". X;X; >%#/ c'JK :'2 '++/+ (" (6)2 

8"$$/#8)'& 2"&%()"* FY 6"%#2 3/."#/ $)P)*= (" "3(')* (6/ +/2)#/+ '$"%*( ". '&0'&)2 )* (6/ 

.)*'& ."#$%&'()"*; 56/ 8"$I'#)2"* :'2 $'+/ :)(6 ' ABC D EF;E $"#('# )* :6)86 :/#/ '++/+ 

I%#/ GJK (" 3""2( (6/ '&0'&) '$"%*( ". (6/ J>A $"#('#2; 

 

 

V*;.&%G7 A6/$)8'& 8"$I"2)()"* ". (6/ #': $'(/#)'&2 ,9 3- $'224 

 

 

1.2 Sand aggregates 

 

]/</* 2'*+2 :/#/ 2/&/8(/+ )* "#+/# (" 8"</# ' :)+/ #'*=/ ". (-I/2 '*+ =/"&"=)8'& "#)=)*2? 

.#"$ &": (" 6)=6 0)*/()82 ". 2)&)8' +)22"&%()"*; 56/)# (-I/ '*+ $)*/#'&"=- '#/ &)2(/+ )* 5'3&/ F 

'*+ (6/)# bVQ I'((/#*2 '#/ 26":* )* 7)=%#/ Z; 7"# /'86 '==#/='(/? I'#()8&/ 2)S/ :'2 8"*(#"&&/+ 

3- 2)/<)*= 3/(://* _;WZ $$ '*+ F $$;  

 

 



Chapter IV. Alkali-silica reaction in metakaolin-based geopolymer  

 

- 207 - 
 

V*;.&%D7 5-I/2 '*+ $)*/#'&"=- ". (6/ #/'8()</ %2/+;  

 

o ]'*+ * :'2 ' $'#3&/ 2'*+ 8"$I"2/+ /*()#/&- ". 8'&8)(/? '*+ (6%2 6'<)*= *" 2)&)8' (" 3/ 

+)22"&</+; 56)2 2'*+ :'2 86"2/* '2 ' #/./#/*8/ ."# *"*1#/'8()</ '==#/='(/ '2 )( %2%'&&- 

I#/2/*(2 *" (#'8/ ". H]V ,T'" /( '&; F_WW4;  

 

o ]'*+ ; :'2 ' 2)&)8/"%2 2'*+ %2/+ )* 2('*+'#+ $"#('#2 )* '88"#+'*8/ :)(6 Bc W\Z1W; 56)2 

R%'#(S 2'*+ )2 %2%'&&- 8"*2)+/#/+ '2 *"*1#/'8()</ #/='#+)*= H]V? '&(6"%=6 )( 8'* /PI'*+ 

2&)=6(&- )* '88/&/#'(/+ (/2( 8"*+)()"*2 ,T'" /( '&; F_WX4; 

 

o ]'*+ 2 :'2 ' R%'#(S)(/ 2'*+ ". $/('$"#I6)8 "#)=)* '*+ )( :'2 2/&/8(/+ ."# )(2 &": 0)*/()82 

". 2)&)8' +)22"&%()"* ,A'#&/21T)3/#=%/2 /( '&; F_WX4; D( 8"*(')*/+ $')*&- R%'#(S? I6-&&"2)&)8'(/ 

$)*/#'&2 ,$)8'1(-I/ 2%86 '2 $%28"<)(/4 '*+ '$"#I6"%2 2)&)8' ,'#"%*+ ^;Z9 3- $'224 ,T'" /( 

'&; F_WX4; 

 

o ]'*+ 1 :'2 ' 2/+)$/*('#- 2)&)8/"%2 &)$/2("*/ 8"$I"2/+ ". 8'&8)(/ '*+ +"&"$)(/? :)(6 

2)=*).)8'*( '$"%*(2 ". )$I%#)()/2 )*8&%+)*= R%'#(S? I&'=)"8&'2/ ./&+2I'#2? $)8'2? 0'"&)*)(/ '*+ 

I-#)(/; D( 8"*(')*/+ '#"%*+ ^9 3- $'22 ". '$"#I6"%2 ])JF ,T'" /( '&; F_WX4 '*+ :'2 

8"*2)+/#/+ (" 6'</ ' &": 0)*/()82 ". 2)&)8' +)22"&%()"* )* H]V (/2(2 ,A'#&/21T)3/#=%/2 /( '&; 

F__[4; 

 

o ]'*+ & :'2 '* '&&%<)'& 2'*+ 8"*(')*)*= "I'& ,'#"%*+ W_9 3- $'224? :/&& 8#-2('&&)2/+ R%'#(S 

'*+ I&'=)"8&'2/ ./&+2I'#2 ,A-# /( '&; F__\4; 56)2 2'*+ :'2 86"2/* ."# )(2 6)=6 '&0'&)12)&)8' 

#/'8()<)(- '*+ )(2 6)=6 0)*/()82 ". 2)&)8' +)22"&%()"* +%/ (" (6/ I#/2/*8/ ". "I'& ,A-# /( '&; 

F__\4; 
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 !"#$%&'(# >C#*&$$!%,"#16#/&%42!#"&,-#H&J:#K(&%$M#"&,-#H4J:#K(&%$M0$!#H.J:#"020.!1("#20/!"$1,!#H-J:#"&,-#'0$5#1*&2#

H!J:#"1-&b72&""#H6J#&,-#1*&2#"&,-#H7JE#

  

 !"#$%&'(  >C#*&$$!%,"#16161666#/&%42!#"&,-#H&J:#K((((&%&&&%&%&&&%$$M$MMM$M$$MM$M$$M """"""#"&&&,&&&& -#H4J:#K(&%$M0$!#H.J:#"020.!!!1("#20/!"$1,!#H-J:#"&,-#------------ ''0'0'0'0'0'0''00'000$5$5$5$5$$5$5$$55$5$555#1*&2#

H!J:#"1-&b72&""#H6J#&,-#1*&2#"&,-#H777JEJJJJJJJ
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o ]'*+ 8 :'2 ' =&'22 #/2%&()*= .#"$ (6/ 8#%26)*= ". =&'22 3"((&/2; D( :'2 86"2/* ."# )(2 

'$"#I6"%2 2(#%8(%#/ '*+ (6%2 (6/ &'#=/ '$"%*( ". 2)&)8' '<')&'3&/ (" 3/ +)22"&</+ ,'#"%*+ Z[9 

3- $'224? &/'+)*= (" 6)=6 H]V1/PI'*2)"* ,A'#&/21T)3/#=%/2 /( '&; F__[U D+)# /( '&; F_W_4;56)2 

0)*+ ". '==#/='(/ )2 ".(/* %2/+ '2 (6/ $"+/&&/+ '==#/='(/ )* H]V 2(%+)/2 ,/;=; ,A'#&/21

T)3/#=%/2 /( '&; F__[44; 

 

o ]'*+ =%:'2 '* "I'& 8"##/2I"*+)*= (" )=*/"%2 #"80 6'<)*= ' I#/+"$)*'*( =&'22- I6'2/; D( )2 

</#- +/&/(/#)"%2 '*+ )2 8"$$"*&- #/I"#(/+ )* &'3"#'("#- /PI/#)$/*(2 '2 ' #/./#/*8/ $)*/#'& 

."# (6/ 2(%+- ". H]V ,T'" /( '&; F_WW4; 

 

2. Sample preparation and test methods 

2.1 Sample preparation 

 

H&& $"#('#2 :/#/ I#/I'#/+ :)(6 "*/ I'#( ". $/('0'"&)* "# 8/$/*( ."# (6#// I'#(2 ". 2'*+ ,3- 

$'224; 56/ 2"&)+a&)R%)+ #'()" ."# =/"I"&-$/# $"#('#2 '*+ (6/ :a8 #'()" ."# J>A :'2 2/( (" _;E 

'*+ GJK ('3&/(2 :/#/ '++/+ (" (6/ J>A :'(/# (" #/'86 [ 0=a$X ". c'FJ/R ,)*8&%+)*= '&0'&)2 

". (6/ 8/$/*(4 )* "#+/# (" I#"<)+/ ' 2%..)8)/*( '$"%*( ". '&0'&) ."# (6/ #/'8()"*; 56/ 2'*+2 

%2/+ :/#/ '&& ". 8"*(#"&&/+ 2)S/? .)P/+ '( _;WZ $$ d F $$; 56/ =/"I"&-$/# $"#('# :'2 

I#/I'#/+ )* (:" 2(/I2; 7)#2(? (6/ I%#/ c'JK '*+ :'(/# :/#/ '++/+ (" (6/ )*+%2(#)'& :'(/#=&'22 

2"&%()"* (" #/'86 ' .)*'& KFJac'FJ $"&'# #'()" ". W^ ,8"$I"2)()"* )* 5'3&/ X4; H.(/# (6/ ("('& 

+)22"&%()"* ". (6/ 2"+)%$ 6-+#"P)+/? (6/ 2"&%()"* :'2 8""&/+ (" F_eA ."# FY 6 '*+ (6/* 

)*(#"+%8/+ )*(" (6/ $/('0'"&)*12'*+ $)P %*()& ' 6"$"=/*/"%2 $)P(%#/ :'2 "3(')*/+; 56%2 (6/ 

=/"I"&-$/# I'2(/ 6'+ (6/ ."&&":)*= $"&'# #'()"2! ])JFaH&FJX@X;ZU c'FJaH&FJX@_;\ '*+ 

KFJac'FJ@W^ ,8"##/2I"*+)*= (" (6/ ."#$%&'()"* T>W^4;  

 
V*;.&%?7 C'22 8"$I"2)()"* ". T>W^;  

 

 

C"#('#2 :/#/ I#/I'#/+ '88"#+)*= (" B%#"I/'* 2('*+'#+ Bc W\Z1W ,H7cJV F__Z4; 56)2 

2('*+'#+ +/28#)3/2 (6/ I#"8/+%#/ ,$)P)*= '*+ 8'2()*=4 %2/+ ."# (6/ I#/I'#'()"* ". $"#('#2? '*+ 

6'2 3//* <'&)+'(/+ ."# (6/ I#/I'#'()"* ". =/"I"&-$/# $"#('#2 )* (6/ .)#2( 86'I(/#; 56/- :/#/ 
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8'2( )* YPYPWZ 8$ '*+ FPFPWZ 8$ I#)2$2 ,/PI'*2)"* $/'2%#/$/*(24 '*+ FPFPF 8$ 8%3/2 

,"(6/# (/2(24; 56/ 2'$I&/2 :/#/ +/$"%&+/+ '.(/# ' 8%#/ ". FY6 '( F_eA '*+ \E9 VK; 

D$$/+)'(/&- '.(/# +/$"%&+)*=? '&& (6/ I#)2$2 :/#/ $/'2%#/+ %2)*= (6/ 28'&/ $)8#"$/(/# 

$/(6"+ ,2I/8)$/*2 6'+ 2(')*&/22 2(//& 26#)*0'=/ 3"&(2 '( 3"(6 /*+2? '2 8'* 3/ 2//* )* 7)=%#/ 

^4; B'86 $/'2%#/$/*( :'2 (6/ $/'* ". (6#// <'&%/2 .#"$ (6#// #/I&)8'(/ 2I/8)$/*2; H.(/# 

(6/2/ $/'2%#/$/*(2? 2"$/ I#)2$2 :/#/ 8"</#/+ :)(6 :'(/#I#"". I'I/# (" I#"(/8( (6/ 

2I/8)$/*2 .#"$ /P(/#)"# /P86'*=/2? I'#()8%&'#&- ."# (6/ 8'#3"*'()"*; D( :'2 +/8)+/+ (" '&&": 

F[ +'-2 ."# (6/ 8/$/*( 6-+#'()"* '*+ =/"I"&-$/#)2'()"* #/'8()"*2 3/."#/ 2('#()*= (6/ 

'88/&/#'(/+ (/2(2; 56/ 2I/8)$/*2 :/#/ (6/#/."#/ 2("#/+ '( F_eA )* 2/'&/+ I&'2()8 3'=2 +%#)*= 

(6)2 I/#)"+; J*&- 2I/8)$/*2 $'+/ :)(6 (6/ $)P(%#/ ". "I'&1$'#3&/ ,W_91\_9 3- $'224 2'*+ 

:/#/ I&'8/+ +)#/8(&- )* *"*1'88/&/#'(/+ (/2( 8"*+)()"*2 '( F_eA '*+ \E9 V;K; 

 

 
 !"#$%&)(#_)_)+3#./#7!1*12O/!%#H2!6$J#&,-#.!/!,$#H%075$J#/1%$&%#*%0"/"#"51'0,7#"$&0,2!""#"$!!2#"5%0,8&7!#412$"E#

2.2 Test methods 

 

H.(/# F[ +'-2 :)(6"%( /P(/#*'& /P86'*=/? (6/ I#)2$2 :/#/ 2("#/+ '( F_eA? X[eA "# Z_eA? '.(/# 

3/)*= I&'8/+ /)(6/# "* =#)+2 )* :'(/#()=6( 8"*(')*/#2 8"*(')*)*= F_ $$ ". :'(/# ,$"#('# 3'#2 

:/#/ *"( )* 8"*('8( :)(6 (6/ :'(/#4 "# )$$/#2/+ )* 2"&%()"*2 ,:'(/#? 2'(%#'(/+ A'J "# WC 

c'JK4 +/I/*+)*= "* (6/ (/2(; BPI'*2)"* '*+ $'22 $/'2%#/$/*(2 :/#/ I/#."#$/+ /</#- 

2/</* +'-2 '.(/# (6/ 8"*(')*/#2 '*+ (6/ I#)2$2 6'+ 3//* 8""&/+ ."# FY6 '( F_eA; 56)2 (/2( :'2 

3'2/+ "* (6/ 2('*+'#+ c7 > W[1YEY ,H7cJV F__Y4 '*+ :'2 +/2)=*/+ ."# 8"*8#/(/? 3%( )( 6'2 

'&2" 3//* <'&)+'(/+ "* $"#('#2 '*+ FPFPWZ 8$ 2I/8)$/*2 ,D+)# /( '&; F_W_4; D* "#+/# (" ."&&": 

(6/ /<"&%()"* ". (6/ $/86'*)8'& 86'#'8(/#)2()82 ". /'86 2I/8)$/*? +-*'$)8 f"%*=g2 $"+%&) 

:/#/ 8'&8%&'(/+ .#"$ (6/ 2I//+ ". ' 2"%*+ :'</ $/'2%#/+ )* (6/ $"#('# ,>%*+)(4; 56/2/ (/2(2 

:/#/ 8'##)/+ "%( '( (6/ 2'$/ ()$/ '2 (6/ /PI'*2)"* $/'2%#/$/*(2; 

J32/#<'()"*2 %2)*= ' 28'**)*= /&/8(#"* $)8#"28"I/ ,hBJi h]C1Z^__7 '*+ hBJi h]C1ZX[_ 

/R%)II/+ :)(6 ' VJc5BA BQb 2-2(/$ '*+ hBJi h]C1Z^__74 :/#/ 8'##)/+ "%( "* 2"$/ 

$"#('# 8%3/2 ,'.(/# I&'()*%$ "# 8'#3"* $/('&&)2'()"*4 '( W^_ +'-2 (" "32/#</ (6/ I#/2/*8/ "# 

'32/*8/ ". =/& '*+ (" "3(')* )*."#$'()"* "* (6/)# $"#I6"&"=- '*+ 8"$I"2)()"*; 
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6E7%Q.:*.,R",.,2*%)&*2/,0'%,'%$&/*:*0.,'<;*"&1%=&050.>$&)%

$0)/*)%

%

56/ ')$ ". (6)2 .)#2( 2(%+- :'2 (" )*</2()='(/ (6/ H]V 3/6'<)"%# ". =/"I"&-$/# $"#('#2 )* (6/ 

I#/2/*8/ ". 2)P +)../#/*( 2'*+2 6'<)*= <'#)"%2 &/</&2 ". H]V #/'8()<)(-? %2)*= (6/ 

$/'2%#/$/*( ". (6/ +)$/*2)"*2? (6/ $/86'*)8'& 86'#'8(/#)2()82? '*+ ]BCd BQb "32/#<'()"*2; 

7"# (6)2 I'#( ". (6/ H]V 2(%+- :/ 86"2/ (" 'II&- "*&- "*/ '88/&/#'(/+ (/2( 8"*+)()"* 3'2/+ "* 

c7 > W[1YEY ,H7cJV F__Y4? (/2( 8"*+)()"*2 3/)*= 2%..)8)/*(&- '==#/22)</ (" '88/&/#'(/ (6/ 

H]V )* (6/ 8/$/*()()"%2 2-2(/$? 3%( &/22 '==#/22)</ (6'* )$$/#2)"* )* ' 2"+)%$ 6-+#"P)+/ 

2"&%()"*; H 8"$I'#)2"* :)(6 J>A $"#('#2 :'2 2-2(/$'()8'&&- 8'##)/+ "%( )* "#+/# (" /<'&%'(/ 

(6/ #/'8()<)(- ". (6/ 2'*+2 '*+ (" 3#)*= "%( +)../#/*8/2 )* (6/ 3/6'<)"%# ". (6/2/ (:" 2-2(/$2? 

(" (#- (" +/(/#$)*/ :6/(6/# $/('0'"&)*13'2/+ =/"I"&-$/# 8'* '8(%'&&- #/2)2( H]V 3/((/# (6'* 

J>A +"/2; 

1. Mortar prism expansion 

 

BPI'*2)"* $/'2%#/$/*(2 :/#/ I/#."#$/+ /</#- 2/</* +'-2? %I (" FE_ +'-2? "* /'86 FPFPWZ 

8$ J>A '*+ T> 2I/8)$/*? '&& 0/I( %*+/# (6/ 2'$/ '88/&/#'(/+ 8"*+)()"*2 ,)* :'(/#()=6( 

8"*(')*/#2 8"*(')*)*= F_ $$ ". :'(/# '( Z_eA4; 56/ /<"&%()"* ". (6/2/ /PI'*2)"*2 "</# ()$/ 

)2 I#/2/*(/+ )* 7)=%#/2 [ '*+ \;  

 

1.1 OPC specimens 

 

H2 /PI/8(/+ '*+ )&&%2(#'(/+ "* 7)=%#/ [? (6#// 2:/&&)*= (#/*+2 :/#/ "32/#</+ ."# J>A! &":? 

$"+/#'(/ ,j_;W_94 '*+ 6)=6 /PI'*2)"*2 ,k _;W_94; i": /PI'*2)"* :'2 "32/#</+ "* (6/ 

$"#('#2 8"*(')*)*= $'#3&/ 2'*+ ,J>A1'4? 3%( 2&":? $"+/#'(/ 2:/&&)*= :'2 $/'2%#/+ ."# (6/ 

$"#('# $'+/ :)(6 (6/ 2('*+'#+)2/+ R%'#(S 2'*+ ,J>A13! _;_E9 '( X_ +'-24; 56)2 2:/&&)*= :'2 

%*/PI/8(/+ 3/8'%2/ 2'*+ 3 %2%'&&- +"/2 *"( &/'+ (" '*- H]V1/PI'*2)"* )* *"#$'& 8"*+)()"*2; 

56)2 2'*+ :'2 8"$I"2/+ ". R%'#(S :)(6"%( %*+%&'("#- /P()*8()"*? 0*":* (" 3/ 2('3&/ '*+ 

:/'0&- #/'8()</ (" '&0'&)2 ,T'" /( '&; F_WX4; 56)2 3/6'<)"%# 8"*.)#$2 (6'( /</* ' *"*1#/'8()</ 

2)&)8/"%2 2'*+ 8'* 2()&& 2%II&- 2)&)8' ."# (6/ '&0'&)12)&)8' #/'8()"* :6/* )( )2 0/I( )* '==#/22)</ 

8"*+)()"*2? 2%86 '2 Z_eA '*+ 6)=6 '&0'&) 8"*8/*(#'()"* ,[ 0=a$X 6/#/4;   
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l%'#(S)(/ ,J>A184 '*+ 2)&)8/"%2 &)$/2("*/ ,J>A1+4 2'*+2 26":/+ $"+/#'(/ 2:/&&)*= 0)*/()82 

&/'+)*= (" ' *"*1*/=&)=)3&/ /PI'*2)"* '( \_ +'-2! _;_Z9 '*+ _;_\9? #/2I/8()</&-; D( :'2 *"(/+ 

(6'( (6/ /PI'*2)"*2 $/'2%#/+ ."# 2'*+2 3 ,R%'#(S4 '*+ 8 ,R%'#(S)(/4 :/#/ 2)$)&'# ,_;_E9 <2; 

_;_Z94; 

 
 !"#$%&*(#?)*&,"01,#.(%9!"#'0$5#$0/!#61%#;G<#/1%$&%"#/&-!#'0$5#"0)#-066!%!,$#"&,-"#/&%42!#H;G<b&J:#K(&%$M#

H;G<b4J:#K(&%$M0$!# H;G<b.J:# "020.!1("# 20/!"$1,!#H;G<b-J:#&22(90&2#"&,-#'0$5#1*&2# H;G<b!J#&,-#.%("5!-#"1-&b

72&""#H;G<b6J#H!%%1%#4&%"#2!""#$5&,#=E=`@J#(*#$1#+==#-&O"E##

 

7)*'&&- )( :'2 ."%*+ (6'( 2'*+2 / ,'&&%<)'& :)(6 "I'&4 '*+ . ,8#%26/+ =&'224? 3"(6 86"2/* ."# 

(6/)# (6/"#/()8'&&- .'2( #/'8()<)(-? +)+ *"( 26": (6/ 2'$/ (-I/ ". 2:/&&)*=; 56/ '&&%<)'& 2'*+ &/+ 

(" 2)=*).)8'*(? .'2( /PI'*2)"* ,_;FE9 '( ^ +'-24 :6)&/ (6/ 8#%26/+ =&'22 ='</ 2&":/# 2:/&&)*= 

0)*/()82? 8"$I'#'3&/ (" 2'*+2 8 '*+ +? 3%( :)(6 ' 6)=6/# .)*'& /PI'*2)"* ,_;WE9 '( \_ +'-24; 

56/ $%86 6)=6/# /PI'*2)"* "3(')*/+ :)(6 2'*+ / 8"$I'#/+ :)(6 (6/ $"#('# $'+/ ". 8#%26/+ 

=&'22 2'*+ ,I#"<)+)*= $"#/ (6'* ^ ()$/2 $"#/ '<')&'3&/ 2)&)8'4 $)=6( 3/ /PI&')*/+ 3- (6/ 

8"*8/I( ". I/22)$%$ I#"I"#()"*? :6)86 2%==/2(2 (6'(? :6/* ' $"#('# 8"*(')*2 ' 8/#(')* 

I#"I"#()"* ". #/'8()</ '==#/='(/2 2%86 '2 "I'& 8"$3)*/+ :)(6 ' =)</* '$"%*( ". )*/#( 

'==#/='(/2? )(2 /PI'*2)"* )2 $'P)$%$ ,K"332 W\[[4; 

 

1.2 GP specimens 

 

56/ 8%#</2 )*<"&<)*= =/"I"&-$/# 3)*+/# ,7)=%#/ \4 26":/+ 2)$)&'# 3/6'<)"%# #/='#+&/22 ". 

(6/ 2'*+ %2/+? 2)*8/ *" 86'*=/ )* +)$/*2)"*2 :'2 $/'2%#/+ "</# ()$/ ."# '*- $"#('#? /</* )* 

(6/ I#/2/*8/ ". </#- #/'8()</ '==#/='(/2; 56/ "*&- +)../#/*8/ )* 3/6'<)"%# (6'( :'2 *"(/+ )* 

(6)2 2(%+- :'2 ."# (6/ T> $"#('# $'+/ :)(6 8#%26/+ =&'22 2'*+? :6)86 26":/+ ' </#- 2&)=6( 
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26#)*0'=/? 8"*2('*( "</# ' 6%*+#/+ +'-2 ,'II#"P)$'(/&- 1_;__[94 :)(6 ' 2('3)&)2'()"* '( 

_;__E9 '.(/# FE_ +'-2; 

 

 
 !"#$%&+(#?)*&,"01,#.(%9!"#'0$5#$0/!#61%#;G<#&,-#AG#/1%$&%#/&-!#'0$5#"0)#-066!%!,$#"&,-"#/&%42!#H&J:##K(&%$M#
H4J:#K(&%$M0$!#H.J:#"020.!1("#20/!"$1,!#H-J:#&22(90&2#"&,-#'0$5#1*&2#H!J#&,-#.%("5!-#"1-&b72&""#H6J#H!%%1%#4&%"#2!""#

$5&,#=E=`@#61%#;G<#&,-#=E=+@#61%#AGJE#

 

])*8/ /PI'*2)"* :'2 $/'2%#/+ ."# J>A )* I#/2/*8/ ". (6/ 2'*+2 3? 8? +? / '*+ .? 8"*.)#$)*= ' 

8/#(')* #/'8()<)(- ". (6/2/ $'(/#)'&2? :6)&/ *" /PI'*2)"* 2//$/+ (" "88%# ."# (6/ =/"I"&-$/# 

$"#('#2 :)(6 (6/ 2'$/ 2'*+? =/"I"&-$/# 'II/'#2 (" 3/ $"#/ /..)8)/*( (6'* (6/ 8/$/*( )* (6)2 

.)/&+ ". +%#'3)&)(-; 
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2. Mechanical performance studies 

 

7)=%#/ W_ 26":2 (6/ $/'* <'#)'()"*2 ,)*(/#<'& FW1\_ +'-24 ". (6/ +-*'$)8 f"%*=m2 $"+%&%2 

,#/&'()</ (" (6/ )*)()'& <'&%/24 ". (6/ 8/$/*( '*+ =/"I"&-$/# $"#('#2 ."# (6/ 2)P 2'*+2 2(%+)/+; 

56/ <'&%/2? +)#/8(&- #/&'(/+ (" (6/ #)=)+)(- ". (6/ $"#('#2? '&&":/+ %2 (" 2// (6/ )$I'8( ". (6/ 

'88/&/#'(/+ (/2(2 "* (6/)# H]V1)*+%8/+ +'$'=/;  

D( :'2 ."%*+ (6'( (6/ #)=)+)(- ". J>A $"#('# :)(6 $'#3&/ ,2'*+ '4 )*8#/'2/+? :6)&/ *" 

2)=*).)8'*( <'#)'()"* 'II/'#/+ ."# (6/ 2'$/ $"#('# :)(6 =/"I"&-$/# 3)*+/#; 56/ R%'#(S '*+ 

R%'#(S)(/ 2'*+2 ,3 '*+ 84? :6)86 6'+ '&$"2( (6/ 2'$/ H]V .)*'& /PI'*2)"*? '=')* 26":/+ ' 

2)$)&'# (#/*+ :)(6 ' 2&)=6( +/8#/'2/ )* $"+%&%2 ."# (6/ J>A $"#('#2 '*+ ' 2&)=6( )*8#/'2/ ."# 

(6/ =/"I"&-$/# $"#('#2 ,$')*&- 2'*+ 34; K":/</#? (6)2 (/2( 2//$/+ (" 6'</ *" )$I'8( "* (6/ 

(:" $"#('#2 $'+/ :)(6 2)&)8/"%2 &)$/2("*/ ,2'*+ +4;  

 

56/ $"#('#2 8"*(')*)*= (6/ $"2( #/'8()</ '==#/='(/2 ,2'*+2 / '*+ .4? '*+ 6'<)*= &/+ (" 

2)=*).)8'*( H]V 2:/&&)*=? I#/2/*(/+ +)../#/*( 3/6'<)"%#2 )* (/#$2 ". f"%*=m2 $"+%&%2 

<'#)'()"*2; D* (6/ 8'2/ ". (6/ '&&%<)'& 2'*+ 3"%*+ 3- '* J>A $'(#)P? ' 2)=*).)8'*( +/8#/'2/ :'2 

"32/#</+ ,$/'* <'&%/ ". 1W[;E 94 '*+ :'2 I#"3'3&- &)*0/+ (" 2"$/ +'$'=/ I#"+%8/+ 3- (6/ 

H]V1/PI'*2)"* ,k _;FE94; D* 8"*(#'2(? (6/ 2'$/ 2'*+ %2/+ :)(6 ' =/"I"&-$/# 3)*+/# 26":/+ 

'* )*8#/'2/ )* )(2 #)=)+)(-; T&'22 '==#/='(/ ."&&":/+ ' +)../#/*( (#/*+; H&(6"%=6 (6/ J>A 

$"#('# /P6)3)(/+ ' 2&)=6( +/8#/'2/ )* #)=)+)(-? (6/ $"+%&%2 ". =/"I"&-$/# +#"II/+ 26'#I&-? 3- 

$"#/ (6'* E_9? /</* :)(6"%( '*- &"*=1(/#$ /PI'*2)"*; D* (6'( 8'2/? '*+ '2 :)&& 3/ 2//* )* (6/ 

*/P( 2/8()"* ,7)=%#/ WF34? )( :'2 </#- &)0/&- (6'( (6/ +/(#)$/*('& /../8( "* (6/ #)=)+)(- ". (6/ 

$"#('# :'2 8'%2/+ 3- (6/ ."#$'()"* ". =/&; D*+//+? ' =/& &'-/# :'2 ."%*+ '#"%*+ (6/ =&'22 

'==#/='(/2? :6)86 &/+ (" +)22"8)'()"* '*+ :/'0/*)*= ". (6/ 3"*+ 3/(://* (6/ '==#/='(/ '*+ 

(6/ I'2(/; 

 

5" 2%$ %I? (6/ "</#'&& =/*/#'& (#/*+2 ."# (6/ #)=)+)(- 2(%+)/2 ". (6/ $"#('#2 8"*(')*)*= '&0'&)1

#/'8()</ '==#/='(/2 :/#/! 

· ' */=&)=)3&/ ,1_;^94 (" 2)=*).)8'*( ,1W[;E94 +/8#/'2/ )* (6/ #)=)+)(- ". J>A $)P(%#/2 

,/P8/I( ."# $'#3&/4; 

· ' 2&)=6( ,1W;W94 +/8#/'2/ (" $"+/#'(/ ,n^;F94 )*8#/'2/ )* (6/ #)=)+)(- ". =/"I"&-$/# 

$)P(%#/2; J*&- (6/ =/"I"&-$/# $"#('# 8"*(')*)*= 8#%26/+ =&'22 I'#()8&/2 +)+ *"( ."&&": 

(6)2 (#/*+? I#"3'3&- +%/ (" (6/ ."#$'()"* ". ' =/& &'-/# 3/(://* (6/ '==#/='(/ '*+ (6/ I'2(/; 
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 !"#$%&,-(#U&%0&$01,"#16#$5!#-O,&/0.#V1(,7B"#/1-(2("#H/!&,#9&2(!"#0,#$5!#0,$!%9&2#_+bD=#-&O":#0,#@#%!2&$09!#$1#

$5!#0,0$0&2#9&2(!"J#61%#;G<#&,-#AG+F#/1%$&%"E#

 

3. SEM/EDX studies 

 

c" /PI'*2)"*2 :/#/ $/'2%#/+ "* (6/ =/"I"&-$/# I#)2$2 3%( (6)2 +)+ *"( $/'* (6'( *" H]V 

"88%##/+; H 28'**)*= /&/8(#"* $)8#"28"I- 2(%+- :'2 8'##)/+ "%( '( W^_ +'-2 "* (6/ FPFPF 8$ 

2I/8)$/*2 8%#/+ %*+/# (6/ 2'$/ 8"*+)()"*2 '2 (6/ I#)2$2 (" </#).- (6/ I#/2/*8/ "# '32/*8/ ". 

'&0'&)12)&)8' =/& )* (6/2/ $'(#)8/2 :6/* (6/ (:" $"2( #/'8()</ 2'*+2 ,/ '*+ .4 :/#/ %2/+; 

J32/#<'()"*2 :/#/ .)#2( 8'##)/+ "%( "* (6/ J>A $"#('# (6'( 6'+ 26":* (6/ $"2( 2)=*).)8'*( 

/PI'*2)"* ,J>A1/4 (" 2(%+- (6/ $"#I6"&"=- ". (6/ =/&2 ."#$/+ ,7)=%#/ WW4; D( :'2 *"(/+ (6'(? 

'.(/# W^_ +'-2 '( Z_eA '*+ \E9 VK? (6/ H]V I#"+%8(2 :/#/ )* (6/ ."#$ ". ' 8#'80/+ =/&? 

(-I)8'& ". (6)2 0)*+ ". #/'8()"*; 

 

 !"#$%&,,(#G51$1/0.%17%&*5#16#;G<b!#/1%$&%#H&22(90&2#"&,-#'0$5#1*&2J#&$#+F=#-&O"#'0$5#$O*0.&2#IL>#7!2E#



Chapter IV. Alkali-silica reaction in metakaolin-based geopolymer  

 

- 216 - 
 

J32/#<'()"*2 :/#/ (6/* $'+/ "* (6/ =/"I"&-$/# $"#('#2 )* I#/2/*8/ ". (6/ '&&%<)'& 2'*+ 

,7)=%#/ WF'4 '*+ (6/ 2"+'1=&'22 2'*+ ,7)=%#/ WF34; Q/2I)(/ (6/ '32/*8/ ". /PI'*2)"* ". (6/2/ 

(:" 2I/8)$/*2? #/'8()"* I#"+%8(2 :/#/ 2//* )* 3"(6 8'2/2; 7"# (6/ '&&%<)'& 2'*+ ,T>1/4? 

8#'80/+ =/& $"#I6"&"=-? 2)$)&'# (" H]V =/&2 "32/#</+ ."# J>A1/? :'2 ."%*+ :)(6)* 8'<)()/2 

,7)=%#/ WF'! >F4; K":/</#? </#- &)((&/ =/& :'2 "32/#</+ "* (6/ /*()#/ 2'$I&/; J* (6/ "(6/# 

6'*+? $'*- 2I"(2 ". #/'8()"* I#"+%8(2 :/#/ "32/#</+ )*2)+/ 8'<)()/2 "# )*(/#.'8/2 3/(://* 

=/"I"&-$/# '*+ 2'*+ "* T>1. $"#('#? :6)86 :'2 $'+/ ". 8#%26/+ =&'22 ,7)=%#/ WF34; 

 

 
 !"#$%&,.(#H&J#G51$1/0.%17%&*5#16#AGb!#/1%$&%#&$#+F=#-&O"#HG+W#7!1*12O/!%N#G_W#7!2b208!#IL>#*%1-(.$J#&,-#

H4J# G51$1/0.%17%&*5# 16#AGb6#/1%$&%# &$# +F=# -&O"# HG`W# 72&""# &77%!7&$!N# GPW# 7!2b208!#IL># *%1-(.$# '0$5# ?C #

&,&2O"!"#&,-#GQW#7!1*12O/!%JE#

 

7)=%#/ WF3 =)</2 ' =""+ )&&%2(#'()"* ". (6/ $"#I6"&"=- ". (6/ 2'$I&/ '*'&-2/+? :6/#/ )( :'2 

I"22)3&/ (" 8&/'#&- +)2()*=%)26 (6/ I#/2/*8/ ". ' */:&- ."#$/+ I#"+%8( (6'( &""0/+ &)0/ ' =/& 

&'-/# ,>Y4 '#"%*+ W_ o$ (6)80 '( (6/ )*(/#.'8/ 3/(://* (6/ =&'22 =#')* ,>X4 '*+ (6/ 

=/"I"&-$/# I'2(/ ,>E4; BQb '*'&-2)2 26":/+ (6/ I#/2/*8/ *"( "*&- ". /&/$/*(2 (-I)8'&&- 

."%*+ )* H]V1=/&2 ,])? c'? A'4 3%( '&2" ". ' 2)=*).)8'*( R%'*()(- ". C=? '* /&/$/*( (6'( :'2 

)*)()'&&- )* (6/ =&'22 '==#/='(/2; 56/ R%/2()"* '#)2/2 '2 (" :6/(6/# (6)2 */: 8"$I"%*+ :'2 '* 

H]V1=/&? "# p%2( ' I#"+%8( +%/ (" (6/ #/'8()"* ". (6/ /P(/#*'& =&'22 &'-/# :)(6 (6/ 2%##"%*+)*= 

/*<)#"*$/*( #)86 )* 6-+#"P)+/ '*+ '&0'&)2; c"*/(6/&/22? (6)2 &'-/# :'2 I#"3'3&- #/2I"*2)3&/ 

."# (6/ $'#0/+ +/8#/'2/ )* (6/ #)=)+)(- ". (6/ $"#('#? '2 2//* "* 7)=%#/ W_; D( 26"%&+ 3/ *"(/+ 

(6'( (6/ I#/2/*8/ ". =/& &'-/#2 '#"%*+ =&'22 '==#/='(/2 6'+ '&#/'+- 3//* 2//* 3- D+)# /( '&; 

,F_WWU F_WX4; 56/2/ '%(6"#2 ."%*+ (6'( =&'22 I'#()8&/2 '(('80/+ 3- '&0'&)*/ 2"&%()"*2 )* $"+/& 

2-2(/$2 ."#$/+ #/'8()"* #)*=2 '#"%*+ (6/ =#')*2? :6)86 :/#/ #/='#+/+ '2 '&0'&)d2)&)8' =/&2 

8"*(')*)*= 2$'&& '$"%*(2 ". 8'&8)%$; ]/</#'& "(6/# BQb '*'&-2/2 :/#/ I/#."#$/+ "* T>1. 

$"#('# )* "#+/# (" "3(')* (6/ 2/$)1R%'*()('()</ 86/$)8'& 8"$I"2)()"* ". (6/ +)../#/*( I6'2/2 
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'*+ I'#()8%&'#&- ". (6/ =/& ."#$/+; D( 26"%&+ 3/ *"(/+ (6'( (6/ '*'&-2)2 :'2 *"( I/#."#$/+ "* 

2'*+ & +%/ (" (6/ +)..)8%&(- ". I/#."#$)*= BQb '*'&-2/2 )* (6/ 8'<)(- :6/#/ (6/ =/& :'2 

2)(%'(/+; 7)=%#/2 WX' '*+ 3 26": ' I6"("$)8#"=#'I6 ". =&'22 '==#/='(/ 8"</#/+ 3- ' 8#'80/+ 

&'-/# ". */:&- ."#$/+ I#"+%8(; 56/ $'22 8"$I"2)()"*2 ". (6/ 8"$I"%*+2 +/(/#$)*/+ 3- 

BQb '*'&-2/2 '#/ )&&%2(#'(/+ )* ' (/#*'#- +)'=#'$ ". ])JF1A'J1c'FJ; 7)=%#/ WX' :'2 ('0/* '( 

(6/ )*(/#.'8/ 3/(://* (6/ '==#/='(/ '*+ (6/ =/"I"&-$/#? '*+ '* '32/*8/ ". 8"*()*%)(- 8'* 3/ 

2//* 3/(://* (6/ (:" I6'2/2? '2 ). (6/ =/& &'-/# ."#$/+ 6'+ 3#"0/* (6/ '+6/#/*8/; A"$I'#/+ 

(" (6/ 2"%*+ '==#/='(/? (6/ */:1."#$/+ I#"+%8(2 6'+ ' &":/# '&0'&) 8"*(/*( '*+ ' 2$'&& 

)*8#/'2/ )* (6/)# 8'&8)%$ 8"*(/*(; 56/- :/#/ '&2" 2)=*).)8'*(&- +)../#/*( )* 8"$I"2)()"* :6/* 

8"$I'#/+ (" (6/ =/"I"&-$/# $'(#)P; 

 

 
 !"#$%&,/(#G51$1/0.%17%&*5#&,-#?,!%7O#C0"*!%"09!# b%&O#"*!.$%1/!$%O#H$!%,&%O#-0&7%&/#L0;_b<&;bS&_;#0,#@#

'!075$J#61%#H&J#*&"$!b&77%!7&$!#0,$!%6&.!#16#AGb6#/1%$&%#&,-#H4J#72&""#&77%!7&$!#-!$&.5!-#6%1/#AGb6#/1%$&%E#
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7)=%#/ WX3 :'2 ('0/* "* ' =&'22 '==#/='(/ (6'( :'2 /'2)&- +/('86/+ .#"$ (6/ =/"I"&-$/# 

I'2(/; 56/ '(('80/+ =&'22 I'#()8&/2 :/#/ 8"</#/+ 3- ' (6)* &'-/# ". I#"+%8( 6'<)*= 

8"$I"2)()"*2 +)../#)*= .#"$ (6'( ". (6/ #': =&'22; 56/ '&0'&) 8"*(/*(2 ". (6/ */:1."#$/+ 

I#"+%8(2 :'2 2"$/()$/2 )*8#/'2/+ ,8)#8&/2 "* (/#*'#- +)'=#'$ ". 7)=%#/ WX34? 3%( 8"%&+ '&2" 

26": ' +/8#/'2/ ,2R%'#/2 "* (6/ 2'$/ +)'=#'$4; D* (6/ &'((/# 8'2/? (6/ 8'&8)%$ 8"*(/*( 

)*8#/'2/+ 2)=*).)8'*(&-; D( 26"%&+ 3/ *"(/+ (6'( (6/ 8'&8)%$ 8'$/ $')*&- .#"$ (6/ "#)=)*'& 

=&'22; H2 2//* "* 7)=%#/ WY? (6/ A'a]) $"&'# #'()" ". (6/2/ I#"+%8(2 :'2 )* (6/ #'*=/ _;W1_;Y? 

:6)&/ (6/ c'a]) #'()" #/'86/+ $"#/ (6'* W )* 8/#(')* S"*/2 ,#'*=/ _;X1W;Y4? ".(/* $%86 6)=6/# 

(6'* )2 (-I)8'& ."# H]V1=/&2 ,k_;E4 ,D+)# /( '&; F_WWU D+)# /( '&; F_WX4; 

 

 

 

 !"#$%&,0(#<1/*1"0$01,#16#,!'b61%/!-#*%1-(.$"#&%1(,-#72&""#*&%$0.2!"#0,#7!1*12O/!%#/1%$&%E#
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4. Discussion of ASR in geopolymer matrices 

 

H]V '*+ +'$'=/ 8'%2/+ 3- (6)2 #/'8()"* "* >"#(&'*+ 8/$/*( 8"*8#/(/ '#/ *": :/&& 0*":* )* 

(6/ &)(/#'(%#/ '*+? /</* ). (6/#/ )2 *" 2)$I&/ 2"&%()"*? $'*- 2(%+)/2 "* (6/ 2%3p/8( 6'</ 6/&I/+ 

(" '86)/</ /../8()</ #/8"$$/*+'()"*2 ."# I#/</*()*= (6/2/ /../8(2 :6/* #/'8()</ '==#/='(/2 

*//+ (" 3/ /$I&"-/+! %2/ J>A :)(6 </#- &": '&0'&) 8"*(/*(? &)(6)%$ 2'&(2? "# I"SS"&'*2 

,56"$'2 F_WWU 7/*= /( '&; F__E4; 

 

D* ' =/"I"&-$/# $'(#)P? )( )2 *"( /'2- (" '86)/</ '&& ". (6/2/ $/'2%#/2 '*+ 2"$/ '#/ p%2( 

)$I"22)3&/? /;=; (6/ 8"*(#"& ". (6/ '&0'&)*/ 8"*(/*( (6'( )2 */8/22'#- (" '(('80 (6/ $/('0'"&)* 

3%( '&2" (6/ #/'8()<)(- ". (6/ '==#/='(/2 %2/+? :6)86 $'- +)../# :)(6 (6/ '==#/22)</*/22 ". (6/ 

'8()<'()*= 2"&%()"* %2/+ ,IK? '&0'&)*)(-? ;;;4; 56/2/ R%/2()"*2 p%2().- (6/ ("I)8 ". 2(%+- ". (6)2 

(6)#+ 86'I(/#? :6)86 :'2 8"*+%8(/+ (" +/(/#$)*/ :6/(6/# (6/ '&0'&)12)&)8' #/'8()"* 8"%&+ "88%# 

)* =/"I"&-$/# $'(#)8/2? '*+ $')*&- ). )( 8"%&+ 3/ '2 +'$'=)*= '2 )* J>A; 

 

56/ 2(%+- ". +)$/*2)"*'& <'#)'()"* %2)*= +)../#/*( #/'8()<)(- #'(/2 ". '==#/='(/2 26":/+ 

2)=*).)8'*( /PI'*2)"* )* J>A $"#('#2? :6)&/ *" /PI'*2)"* '( '&& :'2 +/(/8(/+ )* (6/ 

=/"I"&-$/# 2-2(/$2? '&(6"%=6 ]BC "32/#<'()"*2 #/</'&/+ (6/ ."#$'()"* ". #/'8()"* I#"+%8(2 

)* '&&%<)'&1"I'& '*+ =&'22 '==#/='(/2; 56/2/ I#"+%8(2 6'+ ' $"#I6"&"=- 2)$)&'# (" (6"2/ 

%2%'&&- ."%*+ )* J>A 2-2(/$2? /2I/8)'&&- ."# (6/ '&&%<)'& '==#/='(/; 5" '((/$I( (" /PI&')* (6)2 

+)../#/*8/ )* (6/ =/& 3/6'<)"%# 3/(://* (6/2/ (:" $'(#)8/2? )( )2 */8/22'#- (" (#'8/ (6/ +'$'=/ 

$/86'*)2$2 ". (6/ H]V "* J>A? (" (#- (" %*+/#2('*+ :6)86 +)../#/*8/2 8"%&+ &/'+ (" '* 

'32/*8/ ". /PI'*2)"*; ]86/$'()8'&&-? (6/ "88%##/*8/ ". )*(/#*'& 2(#/22/2 +%/ (" H]V '*+ 

8'%2)*= +'$'=/ )* J>A '#/ (6/ #/2%&( ". (6#// 8"*2/8%()</ 2(/I2! 

 

· Q)22"&%()"* ". (6/ #/'8()</ 2)&)8'  

· BPI'*2)"* ". (6/ =/& ."#$/+  

· >#"I'='()"* ". (6/ =/& )*(" (6/ I"#"%2 */(:"#0 

 

56/2/ (6#// 2(/I2 &/'+ (" (6/ 2'(%#'()"* ". (6/ I"#"%2 <"&%$/ '*+ (6%2 (" (6/ "88%##/*8/ ". 

)*(/#*'& (/*2)"*2 8'%2)*= +'$'=/ (" (6/ 2I/8)$/*; 56%2? ). "*/ ". (6/2/ 2(/I2 +"/2 *"( ('0/ 

I&'8/ '2 )* (6/ J>A 2(#%8(%#/? (6'( 8"%&+ /PI&')* (6/ '32/*8/ ". +'$'=/ (" (6/ =/"I"&-$/# 

2I/8)$/*2; 



Chapter IV. Alkali-silica reaction in metakaolin-based geopolymer  

 

- 220 - 
 

4.1 Dissolution of the reactive silica - pH of the pore solution 

 

H&0'&)*)(- '*+ IK ". (6/ I"#/ 2"&%()"* '#/ 0*":* (" 6'</ ' $'p"# )$I'8( "* (6/ '(('80 ". 

2)&)8' )* #/'8()</ '==#/='(/2? 2)*8/ (6/- 8"*(#"& (6/ 3#/'0+":* ". (6/ '$"#I6"%2 I6'2/? 

'88"#+)*= (" (6/ $/86'*)2$2 +/28#)3/+ 3- Q/*( T&'22/# '*+ G'('"0' ,W\[WU W\[F4; 56/ IK )2 

I'#(&- +#)</* 3- (6/ '&0'&) 8"*8/*(#'()"* )* (6/ I"#/ 2"&%()"*? :6)86 )(2/&. +/I/*+2 "* (6/ 

2"&%3&/ '&0'&) ". (6/ 8/$/*( )* J>A 2-2(/$2; H&0'&) 8"*(/*(2 )* J>A 8"*8#/(/2 '#/ (-I)8'&&- )* 

(6/ #'*=/ F1Z 0=a$X; D* (6/ 8'2/ ". =/"I"&-$/#2? (6/ '8()<'("# %2%'&&- )*<"&</2 </#- 6)=6 

'&0'&) 8"*8/*(#'()"* :6)86 #/'86/2 '#"%*+ WE_ 0=a$X ."# (6/ ."#$%&'()"* T>W^; 56/ 2"&%3)&)(- 

". '$"#I6"%2 "# *"( :/&& 8#-2('&&)2/+ 2)&)8' )2 2(#"*=&- +/I/*+/*( "* (6/ IK <'&%/2? /2I/8)'&&- 

)* 6)=61IK #'*=/2; H <'#)'()"* ". "*/ IK %*)( 8'* $"+).- (6/ 2"&%3)&)(- ". 2)&)8' 3- 2/</#'& 

"#+/#2 ". $'=*)(%+/ ,D&&/#? W\^\4;  

D* "#+/# (" /<'&%'(/ (6/ $/+)%$ 2%##"%*+)*= (6/ '==#/='(/2 )* ' =/"I"&-$/#13'2/+ $'(#)P? ' 

2(%+- ". (6/ I"#/ 2"&%()"* IK :'2 $'+/ "* ' =/"I"&-$/# I'2(/ 6'<)*= (6/ 2'$/ ."#$%&'()"* 

'2 (6/ $"#('#2 ". (6)2 2(%+-; 7"# (6)2? ' 6)=61I#/22%#/ +/<)8/ ."# /P(#'8()*= .&%)+ .#"$ I"#"%2 

$'(/#)'&2 ,A-# /( '&; F__[4 :'2 %2/+ "* (6/ =/"I"&-$/# '( <'#)"%2 ()$/2 ,(/86*)R%/ I#/2/*(/+ 

$"#/ 2I/8).)8'&&- )* 86'I(/# DDD4; 7)=%#/ WE #/I"#(2 (6/ /<"&%()"* ". (6/ IK )*2)+/ (6/ 

=/"I"&-$/# I"#/2 %I (" W[_ +'-2? ."# ' 2'$I&/ 0/I( '( F_eA '*+ \E9 V;K;? );/; )* 8"*('8( 

:)(6 (6/ '($"2I6/#/? '*+ ."# ' 2'$I&/ 0/I( )* ' 2/'&/+ 3'= :)(6"%( '*- /P(/#*'& /P86'*=/2; 

 

 
 !"#$%&,1(#*R#!912($01,#16#$5!#7!1*12O/!%#*1%!#"12($01,#61%#&#*&"$!#8!*$#0,#&#/10"$#%11/#HDQ@#>EREJ#&,-#0,#&#

"!&2!-#4&7E#

#

D( 8'* 3/ 2//* (6'(? '&(6"%=6 (6/#/ :'2 ' 2(#"*= )*)()'& IK ". WY :6)86 :'2 )$I"2/+ 3- (6/ 

'8()<'()*= 2"&%()"*? (6/ IK +#"II/+ #'I)+&- )* (6/ ."&&":)*= +'-2? '( ' #'(/ I#"I"#()"*'& (" (6/ 

&"='#)(6$ ". ()$/; H.(/# WY +'-2 )* ' $")2( '($"2I6/#/ ,2'$/ 8"*+)()"*2 '2 H]V '88/&/#'(/+ 
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(/2()*=4? (6/ IK :'2 &":/# (6'* WF '*+ #/'86/+ W_;E '( Z $"*(62? :6)&/ )( 2('3)&)2/+ '( '#"%*+ 

WF;E )* /*+"=/*"%2 8"*+)()"*2; 56)2 #'I)+ +/8#/'2/ ". (6/ IK :'2 I#"3'3&- +%/ (" (6/ 

8'#3"*'()"* ". (6/ I"#/ 2"&%()"*? :6)86 &/+ (" (6/ 8"*2%$I()"* ". '&0'&)2 (" ."#$ '&0'&)1

8'#3"*'(/ 8"$I"%*+2 ,'2 I#/2/*(/+ )* A6'I(/# DDD4; H88"#+)*= (" (6)2 2(%+- '*+ '22%$)*= ' 

2)$)&'# /<"&%()"* ". (6/ IK ."# (6/ 2I/8)$/*2 %2/+ ."# (6/ H]V 2(%+- )* <)/: ". (6/)# 

#/&'()</&- 2$'&& 2)S/ ,FPFPWZ 8$4? '( &/'2( (:" $')* 6-I"(6/2/2 8'* 3/ I%( ."#:'#+ (" /PI&')* 

(6/ '32/*8/ ". H]V )* =/"I"&-$/#2! 

 

· 56/ .)#2( "*/ )2 #/&'(/+ (" (6/ </#- 6)=6 )*)()'& IK )* (6/ $)P(%#/? :6)86 8'* &/'+ (" ' 

</#- #'I)+ #/'8()"* ". (6/ '$"#I6"%2 2)&)8' :)(6)* (6/ '==#/='(/2 '*+ (6/ 6-+#"P)+/2 

I#/2/*( )* (6/ 2"&%()"*; 56)2 I6/*"$/*"*? '&#/'+- +/28#)3/+ 3- T).."#+ '*+ T)&&"(( 

,W\\Z4 )* (6/)# :"#0 "* '&0'&)1'8()<'(/+ 2&'=? :"%&+ "88%# +%#)*= (6/ /'#&- I/#)"+ ". 

6'#+/*)*=;  

· 56/ 2/8"*+ 6-I"(6/2)2 )2 (6'( (6/ .')#&- #'I)+ +#"I )* (6/ IK :"%&+ *"( &/'</ /*"%=6 

()$/ ."# 6-+#"P)+/2 (" 3#/'0 (6/ 2)&)8' */(:"#0 :)(6)* (6/ '==#/='(/2? (6%2 #/+%8)*= 

(6/ ."#$'()"* ". '&0'&)12)&)8' =/&2 '*+ 2" &)$)()*= (6/ 6'#$.%& /../8( ". H]V; ])*8/ (6/ 

'$"%*( ". #/'8()"* I#"+%8(2 )2 '* )$I"#('*( I'#'$/(/#? &/22 H]V =/& ,."# ' =)</* =/& 

8"$I"2)()"*4 )$I&)/2 &/22 I#"3'3)&)(- ". /PI'*2)"*; V/2%&(2 .#"$ (6/ &)(/#'(%#/ 

,>)/(/#2/* W\\XU 7#''- /( '&; W\[\4 (/*+ (" 26": (6'( (6)2 6-I"(6/2)2 )2 I&'%2)3&/? '2 ' 

IK +/8#/'2/ ". _;X ,/;=; WX;^ (" WX;Y4 8"%&+ &/'+ (" E_1^E9 &/22 2)&)8' 3/)*= +)22"&</+ 

,7)=%#/ WZ4; H( IK 3/&": WX? (6/ #/+%8()"* )2 /</* $"#/ 2)=*).)8'*(? :6)86 $/'*2 (6'( 

(6/ '(('80 "* (6/ #/'8()</ '==#/='(/2 8'* I/#6'I2 3/ 2(#"*=&- #/+%8/+; 

 

 
 !"#$%&,'(#C0""129!-#"020.&#%!2&$09!#$1#*R#T#+`EF:#/!&"(%!-#6%1/#-0""12($01,#!)*!%0/!,$"#16#62O#&"5#0,#S&;R#

"12($01,"#&$#*R#T#+`E=:#+`EP:#+`EF#&,-#+PE=E#C&$&#6%1/#X%&&O#!$#&2:#+DYD#HIW#_=#Z<N#[W#P=#Z<J:#&,-#G0!$!%"!,#

+DD`#H<#&,-#CW#P=#Z<JE#X07(%!#6%1/#<O%#!$#&2E#_=+PE#
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N%( #/='#+)*= (6/ /<"&%()"* ". (6/ IK ". (6/ =/"I"&-$/# 0/I( )* ' 2/'&/+ 2'=? )( :'2 *"()8/+ 

(6'(? '( "*&- WY +'-2? ' +)../#/*8/ ". IK ". W 3/(://* (6/ (:" 2("#'=/ 8"*+)()"*2 :'2 

"32/#</+; G*":)*= (6)2 '*+ )* "#+/# (" <)2%'&)2/ (6/ )*.&%/*8/ ". (6/ IK "* (6/ +/</&"I$/*( 

". H]V )* (6/ =/"I"&-$/# 2-2(/$? (6/ 2'$/ '88/&/#'(/+ (/2( :'2 I/#."#$/+ )* /*+"=/*"%2 

8"*+)()"*; ]" FPFPWZ8$ J>A '*+ T> 2I/8)$/*2 :/#/ $'+/ %2)*= (6/ $"2( #/'8()</ 2'*+ 

,'&&%<)'& 2'*+ :)(6 "I'&4? '*+ :/#/ I#"(/8(/+ .#"$ '*- /P(/#*'& /P86'*=/ )$$/+)'(/&- '.(/# 

+/$"%&+)*= :)(6 '+6/2)</ :'(/#I#"". I'I/#; 56/- :/#/ (6/* I&'8/+ '( Z_eA '*+ (6/)# 

+)$/*2)"*'& 86'*=/2 :/#/ $/'2%#/+ /</#- 2/</* +'-2; 56/2/ #/2%&(2 :/#/ (6/* 8"$I'#/+ (" 

(6"2/ "3(')*/+ I#/<)"%2&- :)(6 (6/ 2'$/ 2'*+ ,7)=%#/ W^4; 

D( :'2 .)#2( *"(/+ (6'( /</* :)(6"%( ' :'(/# 2%II&- (6/ 6)=6&- #/'8()</ 2'*+ #/2%&(/+ )* 

2:/&&)*= ."# (6/ J>A; 56)2 /PI'*2)"* :'2 2$'&&/# (6'* +%#)*= 2("#'=/ )* $")2( 8"*+)()"*2 3%( 

2()&& :/&& '3"</ _;W_9; D* 8"*(#'2( (6/ =/"I"&-$/# $"#('# I#/2/*(/+ ' 2&)=6( 26#)*0'=/ ". 

_;_X9 #/'86/+ )* WY +'-2? :)(6"%( .%#(6/# <'#)'()"* %I (" W__ +'-2; 56/ 26#)*0'=/ "32/#</+ )2 

#/$)*)28/*( ". (6/ I#/<)"%2 #/2%&(2 ,A6'I(/# D4 #/I"#()*= (/2(2 )* /*+"=/*"%2 8"*+)()"*2? 

26":)*= 2)$)&'# 3/6'<)"%# ". (6/ $'(/#)'&2 '( F_eA "# Z_eA? '*+ :6'(/</# (6/ 8"$I"2)()"* ". 

(6/ 2'*+ %2/+;  

H88"#+)*= (" (6/ #/2%&(2 )* /*+"=/*"%2 8"*+)()"*2? );/; /R%)<'&/*( &"*= (/#$ IK ."# 3"(6 J>A 

'*+ T> ,'#"%*+ WF;E4? (6/ '32/*8/ ". 2:/&&)*= )* (6/ T> $"#('# 8"%&+ $/'* (6'( IK :"%&+ 

*"( 3/ (6/ "*&- .'8("# )*<"&</+; 

 
 !"#$%&,)(#?)*&,"01,#.(%9!"#'0$5#$0/!#61%#;G<#&,-#AG#/1%$&%"#/&-!#'0$5#$5!#&22(90&2#"&,-#'0$5#1*&2#H!J#&,-#

8!*$#&$#3=Z<#'0$5#1%#'0$51($#!)$!%,&2#!).5&,7!"#H!%%1%#4&%"#2!""#$5&,#=E=`@#61%#;G<#&,-#=E=+@#61%#AGJE#
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4.2 Expansion of the gel formed - Role of calcium 

 

D( )2 =/*/#'&&- '22%$/+ (6'( 8'&8)%$ I&'-2 '* )$I"#('*( #"&/ #/='#+)*= H]V /PI'*2)"* )* 

>"#(&'*+18/$/*(13'2/+ $'(/#)'&2; J* (6/ "*/ 6'*+? 2)&)8'13'2/+ #/'8()"* I#"+%8(2 :)(6 6)=6 

8'&8)%$ 8"*(/*(2 '#/ %2%'&&- '22"8)'(/+ :)(6 A1]1K ."#$/+ 3- 8/$/*( '*+ I"SS"&'* 

6-+#'()"*? :)(6 A'a]) #'()"2 ". 'II#"P)$'(/&- W;^1W;_ ."# (-I)8'& '*+ I"SS"&'*)8 A1]1K? 

#/2I/8()</&-; 56/2/ I#"+%8(2 '#/ #/2I"*2)3&/ ."# (6/ 2(#/*=(6 )*8#/'2/ '*+ +" *"( )*<"&</ '*- 

'3*"#$'& 2:/&&)*= 3/6'<)"%#; N%(? "* (6/ "(6/# 6'*+? $'*- '%(6"#2 6'</ 2('(/+ (6'( ' 8'&8)%$ 

+/.)8)/*8- )* '&0'&)12)&)8' #/'8()"* I#"+%8(2 :"%&+ &/'+ (" '* '32/*8/ ". 2:/&&)*= ,Q/*( 

T&'22/# '*+ G'('"0'? W\[F4; D* +)&%(/+ $"+/&&/+ 2-2(/$2? (6/ I"#(&'*+)(/ 8"*(/*( :"%&+ 3/ 

"*/ ". (6/ $')* .'8("#2 +/(/#$)*)*= (6/ '$"%*( ". +)22"&</+ 2)&)8'! )* (6/ I#/2/*8/ ". 8'&8)%$? 

$"#/ 2)&)8' :"%&+ 3/ +)22"&</+ ,i//$'** /( '&; F_WW4;`)(6"%( '++/+ I"#(&'*+)(/? (6/ #/'8()"* 

)*)()'&&- I#"+%8/2 '&0'&)12)&)8' 8"$I"%*+2? 3%( (6/ #/'8()"* :"%&+ 2("I '2 2""* '2 (6/ 2"&%()"* 

3/8'$/ 2'(%#'(/+ :)(6 #/2I/8( (" 2)&)8'; D* J>A '&0'&)1#/'8()</ 2-2(/$2? )( )2 /PI/8(/+ (6'( (6/ 

I"(/*()'& ". (6/ #/'8()"* I#"+%8(2 ."# '* /PI'*2)"* $'- 3/ 6)=6/2( '( ' A'a]) #'()" 3/(://* 

_;F_ '*+ _;X_ ,i//$'** /( '&; F_WW4; 

D* (6/ 8'2/ ". .&- '2613'2/+ =/"I"&-$/#2? T'#8q'1i"+/)#" /( '&; ,T'#8q'1i"+/)#" /( '&? F__^4 

'*+ 7/#*'*+/S1h)$O*/S /( '&; ,7/#*'*+/S1h)$O*/S /( '&? F__^4 2%==/2(/+ (6'( (6/ +/.)8)/*8- ". 

8'&8)%$ )* (6/)# 2-2(/$2 8"%&+ I'#(&- /PI&')* (6/ &":/# /PI'*2)"* "32/#</+? '&(6"%=6 (6/#/ 

:'2 2"$/ /<)+/*8/ ". '* '(('80 ". (6/ #/'8()</ '==#/='(/2; D* (6/ 8%##/*( :"#0? (6/ "*&- 

8'&8)%$ )* $/('0'"&)*13'2/+ =/"I"&-$/# )2 I#"<)+/+ 3- (6/ $/('0'"&)*? :6)86 8"*(')*2 &/22 

(6'* F9 3- $'22 ". A'J; 56/ 8'&8)%$ +/.)8)/*8- 8"%&+ (6%2 3/ ' .'8("# )*.&%/*8)*= (6/ 

+)../#/*8/ )* 3/6'<)"%# ". H]V =/&2? $"2( &)0/&- )* (6/)# /PI'*2)"* I6'2/; 56/ "*&- $)P(%#/ 

(6'( &/+ (" 6)=6/# 8'&8)%$ =/&2 :'2 (6/ "*/ $'+/ ". 8#%26/+ =&'22 )* (6/ =/"I"&-$/# $'(#)P? 

3%( (6/ */:&- ."#$/+ I#"+%8( $)=6( *"( 6'</ 3//* H]V =/& )* (6/ 2(#)8(/2( $/'*)*= ". (6/ 

(/#$; 

 

5" 2// ). 8'&8)%$ $'- 6'</ ' #"&/ "* (6/ H]V =/& +/</&"I$/*( )* (6/ =/"I"&-$/#? '++)()"*'& 

(/2(2 :/#/ I/#."#$/+; H2 (6/ '++)()"* ". 8'&8)%$ +%#)*= (6/ I#/I'#'()"* ". =/"I"&-$/# :"%&+ 

'%("$'()8'&&- &/'+ (" ' +)../#/*( ."#$%&'()"* ,I#"3'3&- I#"+%8()"* ". A1]1K4? )( :'2 86"2/* (" 

)*(#"+%8/ 8'&8)%$ )*(" (6/ I"#/ 2"&%()"* ". (6/ 6'#+/*/+ =/"I"&-$/# )* "#+/# (" 2// (6/ 

)*.&%/*8/ (6'( )( 8"%&+ 6'</ "* (6/ /PI'*2)"* ". (6/ $"#('# ,2()&& :)(6 (6/ '&&%<)'& 2'*+ :)(6 

"I'&4;  
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D+/*()8'& FPFPWZ 8$ 2I/8)$/*2 (" (6"2/ I#/<)"%2&- $'+/ )* =/"I"&-$/# :)(6 (6/ 2'*+ & :/#/ 

$'+/ '*+ 2'(%#'(/+ :)(6 &)$/ 2"&%()"* +%#)*= FY 6? '.(/# F[ +'-2 ,);/; '( (6/ 3/=)**)*= ". (6/ 

'88/&/#'(/+ (/2(24? '*+ 2/</* +'-2 '.(/# (6/ 2('#( ". (6/ '88/&/#'(/+ (/2(2; 56/ /PI'*2)"* 8%#</2 

"3(')*/+ '#/ I#/2/*(/+ "* 7)=%#/ W[ :)(6 /PI'*2)"* $/'2%#/+ ."# (6/ T>W^ $"#('# :)(6 2'*+ 

&; 

 
 !"#$%&,*(#?)*&,"01,#.(%9!"#16#AG#/1%$&%"#/&-!#'0$5#$5!#&22(90&2#"&,-#'0$5#1*&2#H"&,-#!J#"51'0,7#$5!#

0,62(!,.!#16#$5!#&--0$01,#16#.&2.0(/#0,#$5!#/&$%0)#H!%%1%#4&%"#2!""#$5&,#=E=+@JE#

 

J*8/ '=')*? *" 2:/&&)*= :'2 $/'2%#/+? '*+ (6)2 ()$/ (6/ 2'$/ */=&)=)3&/ /PI'*2)"*2 (6'( 6'+ 

I#/<)"%2&- 3//* 2//* :/#/ "3(')*/+? )*+)8'()*= /)(6/# ' S/#" )*.&%/*8/ ". (6/ '++)()"* ". 

8'&8)%$ "# (6'( )( :'2 *"( '++/+ '( (6/ #)=6( ()$/; 7)*'&&- (" (#- (" </#).- (6)2 2/8"*+ 

6-I"(6/2)2 "*/ &'2( (/2( :'2 8"*+%8(/+; 5" I#"<)+/ 8"*()*%"%2 8'&8)%$ )* (6/ 2-2(/$? (6/ 

2'$/ 2I/8)$/*2 ". =/"I"&-$/# :/#/ (6)2 ()$/ )$$/#2/+ )* ' &)$/ 2'(%#'(/+ 2"&%()"* .#"$ (6/ 

3/=)**)*= ". (6/ '88/&/#'(/+ (/2( ,Z_eA4; 5" #/$"</ (6/ )*.&%/*8/ ". '* )$$/#2)"* "* (6/ 

+)$/*2)"* <'#)'()"*2? 8"*(#"&2 :/#/ '&2" )$$/#2/+ )* '* %&(#'I%#/ :'(/# 2"&%()"*; 

 

56)2 ()$/ 2&)=6( 2:/&&)*= :'2 "32/#</+ "* =/"I"&-$/# 2I/8)$/*2 +%#)*= (6/ 2/</* .)#2( +'-2 

". )$$/#2)"* :)(6 2('3)&)2'()"* "</# ()$/ '( '#"%*+ _;_Y9 ,7)=%#/ W\4; K":/</#? (6/ /P'8( 

2'$/ /PI'*2)"* :'2 $/'2%#/+ ."# (6/ =/"I"&-$/# )$$/#2/+ )* &)$/ "# )* :'(/#; 56)2 2&)=6( 

/PI'*2)"* :'2 I#"3'3&- 8'%2/+ 3- (6/ )$$/#2)"* '*+ *"( 3- (6/ '++)()"* ". 8'&8)%$? :6)86 

'=')* +)+ *"( 2//$ (" I#"+%8/ '*- #/'8()"* :)(6 (6/ 6'#+/*/+ =/"I"&-$/#; 

 

H++)*= 8'&8)%$ +)+ *"( &/'+ (" /PI'*2)"* ". =/"I"&-$/# $"#('#2? /)(6/# 3/8'%2/ 8'&8)%$ 6'+ 

*" /../8( "# +%/ (" '* )*8"##/8( )*8"#I"#'()"* ". (6)2 /&/$/*( )* (6/ 2-2(/$; ]" )( #/$')*2 

+)..)8%&( (" #%&/ "* (6/ /../8( "* 8'&8)%$ "* H]V )* =/"I"&-$/# $'(#)8/2; 
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 !"#$%&,+(#?)*&,"01,#.(%9!"#16#AG#/1%$&%"#/&-!#'0$5#$5!#&22(90&2#"&,-#'0$5#1*&2#H"&,-#!J#"51'0,7#$5!#

0,62(!,.!#16#$5!#0//!%"01,#0,#20/!#"12($01,#&,-#0,#'&$!%#-(%0,7#$5!#&..!2!%&$!-#$!"$#H!%%1%#4&%"#2!""#$5&,#=E=+@JE#

 

4.3 Propagation of the gel into the porous network - accommodation of the 

gel 

 

56/ ]BC "32/#<'()"*2 $'+/ "* (6/ +)../#/*( 2'$I&/2 +)+ *"( .)*+ '2 $%86 =/& '2 )* J>A 

2-2(/$2 ,/P8/I( $'-3/ ."# =&'22 '==#/='(/ $)P(%#/2? 3%( 2"$/ +"%3(2 8'* 3/ <")8/+ '2 (" 

:6/(6/# (6/ #/'8()"* #)$2 :/#/ H]V =/&2 "# *"(4; K":/</#? (6/ I#/2/*8/ ". =/& )2 *"( 

*/8/22'#)&- '22"8)'(/+ :)(6 2:/&&)*=? :6'(/</# )(2 *'(%#/; 56/ '88"$$"+'()"* ". (6/ =/& 3- 

(6/ I"#"2)(- ". (6/ I'2(/ )2 (6/ 3'2)2 ". 2/</#'& *%$/#)8'& $"+/&2; D( 6'2 3//* 26":* ,C%&("* 

/( '&; F__\4 (6'(? +/I/*+)*= "* (6/ 2)S/ ". #/'8()</ =#')*2? (6/ =/&2 $)=6( *"( )*+%8/ H]V1

2:/&&)*=; 56/ I"#"2)(- ". (6/ I'2(/ )2 2%..)8)/*( (" =)</ (6/ =/& /*"%=6 2I'8/ (" +)..%2/ )*(" (6/ 

I'2(/ :)(6"%( /P/#()*= /P8/22)</ 2(#/22 "* (6/ 2"&)+ 20/&/("* '*+ 2" :)(6"%( 8'%2)*= 2:/&&)*=; 

T).."#+ '*+ T)&&"(( ,W\\Z4 '&#/'+- 2%II"2/+ (6'( (6/ <)28"%2 '&0'&) 2)&)8' =/& I#"+%8/+ )* 

'&0'&)1'8()<'(/+ 2&'= ,HH]4 2-2(/$2 8"%&+ 3/ $"#/ /'2)&- '88"$$"+'(/+ )* (6/ I"#"2)(- ". 

HH] 2-2(/$2 (6'* )* J>A 8"*8#/(/; T/"I"&-$/#2 '#/ 0*":* (" 6'</ ' I"#"%2 */(:"#0 

+)../#/*( .#"$ (6'( ". J>A $)P(%#/2 ,]6) W\\Z? N"6/# F_WF4; 56/ #/2%&( ". (6/ I#/<)"%2 2(%+- 

"* (6/ =/"I"&-$/# I"#"%2 */(:"#02 '*+ )(2 +)../#/*8/2 :)(6 J>A 2-2(/$ ,A6'I(/# D4 8"%&+ 

/PI&')* (6/ +)../#/*8/2 )* =/& '88"$$"+'()"* 3/(://* (6"2/ (:" $'(/#)'&2? '2 26":* )* 5'3&/ 

Y :6/#/ (6/ I#/<)"%2 #/2%&(2 '#/ 2%$$'#)2/+;  

56/ ("('& I"#/ <"&%$/ ,'88/22)3&/ 3- :'(/#4 :'2 $%86 6)=6/# ."# (6/ =/"I"&-$/# T>W^ (6'* 

."# J>A ,:a8 @ _;E4; D( :'2 '&2" ."%*+ (6'( (6/ =/"I"&-$/# 6'+ ' $"*"$"+'& I"#"%2 */(:"#0 

8/*(#/+ '#"%*+ FE *$ :6/* (6/ 8/$/*( I#/2/*(/+ ' 3)1"# (#)1$"+'& */(:"#0 '*+ (6/ 

+)../#/*8/2 3/(://* (6/ $/+)'* I"#/ '88/22 +)'$/(/#2 ". (6/2/ (:" $'(#)8/2 26": (6/ 
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#/=%&'#)(- ". (6/ =/"I"&-$/# */(:"#02 8"$I'#/+ (" J>A; C"#/"</# )( 6'2 3//* 2//* )* 

86'I(/#2 D '*+ DDD (6'( (6/ I"#"2)(- ". =/"I"&-$/# :'2 I#"3'3&- 2(#"*=&- 8"**/8(/+; 56%2 (6/ 

<"&%$/ '88/22)3&/ (" (6/ =/&2 :'2 &'#=/# '*+ $"#/ '88/22)3&/ (6'* )* J>A? 2" )( 8"%&+ 3/ 

)$'=)*/+ (6'( (6)2 :"%&+ =#/'(&- #/+%8/ (6/ 'II/'#'*8/ ". )*(/#*'& (/*2)"*? '*+ (6%2 (6/ 

+'$'=/ 8'%2/+ 3- H]V;  

 

V*;.&%C7 Q'(' "* (6/ I"#"%2 */(:"#02 ". T>W^ '*+ ABCD EF;E I'2(/2 .#"$ 86'I(/# D; 

 

 

# #
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#

&

23!4& 45#67& 384& 439:;& 5385& 53%& !;<9$=9$85!9;& 9>& $%8<5!?%& 48;64& !;& @%58A89B!;CD84%6&

"%9=9B7@%$& @9$58$4& 8<5!?85%6& D7& 496!#@& 4!B!<85%& 69%4& ;95& B%86& 59& 53%& EFG& 4:%BB!;"&

<38$8<5%$!45!<&9>&HIJ&@9$58$4(&23!4&<9#B6&D%&6#%&59&?8$!9#4&=3%;9@%;8K&>845&6%<$%84%&!;&

53%&=LM&B8<A&9>&<8B<!#@&!;&53%&;%:C>9$@%6&=$96#<54M&9$&8<<9@@9685!9;&9>&53%&"%B4&!;&53%&

=9$9#4& ;%5:9$A(& N9;%& 9>& 53%4%& 37=953%4%4& <8;& 8<5#8BB7& D%& %O<B#6%6(& 23%& $%4#B54& 9>& 53!4&

<38=5%$& 8BB9:%6&#4& 59& <9;<B#6%& 5385M& #;6%$& 53%& 48@%& <9;6!5!9;&8;6& !;& 4=!5%& 9>& 53%!$& ?%$7&

3!"3&<9;<%;5$85!9;&9>&496!#@M&"%9=9B7@%$4&38?%&8&3!"3%$&6#$8D!B!57& 538;&HIJ&$%"8$6!;"&

53%&8BA8B!C4!B!<8&$%8<5!9;(&23%&4%<9;6&=8$5&9>&53!4&45#67&9;&53%&EFG&!;&"%9=9B7@%$&4745%@4&

:!BB& 53%$%>9$%&8!@&59&?%$!>7& 53!4&<9;<B#4!9;&>9$&953%$&8<<%B%$85%6& 5%45&=8$8@%5%$4M&D#5&8B49&

>9$&;85#$8B&<9;6!5!9;4(#

#
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E7%6'8.#&'2&%08%/4&%/&"/%20'1,/,0'"%0'%QS %,'%=&050.>$&)%

 

D( :'2 26":* )* (6/ I#/<)"%2 2/8()"* (6'( (6/ '&0'&)12)&)8' #/'8()"* :"%&+ *"( 3/ +'$'=)*= ."# 

$/('0'"&)*13'2/+ =/"I"&-$/# $"#('#2 $'+/ :)(6 #/'8()</ 2'*+; c/</#(6/&/22 '88/&/#'(/+ (/2(2 

:/#/ '&& 8"*+%8(/+ %*+/# (6/ 2'$/ 8"*+)()"*2? *'$/&- Z_eA )* ' $")2( /*<)#"*$/*(; 56%2? )( 

:'2 +/8)+/+ (" 2(%+- (6/ H]V13/6'<)"%# ". (6/ 2'$/ =/"I"&-$/# $"#('# )* (6/ I#/2/*8/ ". 

(6/ $"2( #/'8()</ 2'*+ I#/<)"%2&- %2/+ ,2'*+ / d '&&%<)'& 2'*+ :)(6 "I'&4 %2)*= "(6/# (/2(2 

."%*+ )* (6/ &)(/#'(%#/; 5'3&/ E 26":2 (6/ +)../#/*( (/2( 8"*+)()"*2 =/*/#'&&- %2/+ )* (6/ 

&)(/#'(%#/ ."# (6/ 2(%+- ". H]V )* '&0'&)1'8()<'(/+ $'(/#)'&2 ,HHC4 2-2(/$2 '*+ 3'2/+ "* 

J>A 2('*+'#+2; 7#"$ (6/#/? )( :'2 +/8)+/+ (" 2(%+- (6/ )*.&%/*8/ ". (6/ I#)*8)I'& I'#'$/(/#2 

86'*=)*= )* (6/2/ 2('*+'#+2? *'$/&- (6/ (/$I/#'(%#/? (6/ 8%#/ 8"*+)()"*2? '*+ (6/ +)$/*2)"* 

". 2I/8)$/*2? "* (6/ /PI'*2)"* #/2%&(2; 

 

V*;.&%F7 H88/&/#'(/+ H]V (/2(2 #/I"#(/+ )* (6/ &)(/#'(%#/ "* HHC 2-2(/$2; 

 
 

H (/2( %*+/# *'(%#'& 8"*+)()"*2 :'2 '&2" 8'##)/+ "%( "* (6/ 2'$/ =/"I"&-$/# ."#$%&'()"* '*+ 

(6/ #/2%&(2 8"$I'#/+ (" (6"2/ ."# '* J>A $"#('#; D* "#+/# (" "3(')* 2:/&&)*= :)(6)* ' 

#/'2"*'3&/ ()$/? ' $)P(%#/ ". 2'*+ 8"*(')*)*= "*&- W_9 ". #/'8()</ 2'*+ ,"I'&4 '*+ \_9 ". 

2'*+ 6'<)*= *" 2)&)8' ,$'#3&/4 :'2 86"2/*; 56/2/ I#"I"#()"*2 :/#/ 86"2/* ."# (6/)# I/22)$%$ 

/../8(? (6/"#/()8'&&- &/'+)*= (" $'P)$%$ /PI'*2)"*2 ,K"332? W\[[4; 56/ 2I/8)$/*2 :/#/ 

I&'8/+ '( F_eA '*+ \E9 V;K; '*+ (6/ +)$/*2)"*2 :/#/ ."&&":/+ /</#- ^ +'-2;  

  

 

  



Chapter IV. Alkali-silica reaction in metakaolin-based geopolymer  

 

- 229 - 
 

1. Influence of the accelerated testing conditions 

 

1.1 Influence of the temperature 

#

56/ 2'$/ I#"8/+%#/ '2 3/."#/? 3'2/+ "* (6/ c7 > W[1YEY 2('*+'#+? :'2 'II&)/+ (" T> '*+ 

J>A 2I/8)$/*2 :)(6 +)$/*2)"*2 FPFPWZ 8$ '*+ 8"*(')*)*= (6/ 2'*+ /; J*&- (6/ 2("#'=/ 

(/$I/#'(%#/ :'2 86'*=/+; 56%2 (6/ 2'$I&/2 :/#/ I&'8/+ '( X[eA '.(/# (6/)# F[ +'-2 ". 8%#)*= 

'*+ (6/ #/2%&(2 ". (6/ /PI'*2)"* $/'2%#/$/*(2 :/#/ 8"$I'#/+ (" (6"2/ I/#."#$/+ '( Z_eA; D( 

:'2 "32/#</+ ,7)=%#/ F_4 (6'( (6/ #/+%8()"* ". (6/ (/2( (/$I/#'(%#/ ,Z_eA (" X[eA4 +/8#/'2/+ 

(6/ ("('& /PI'*2)"* ". (6/ J>A ,_;W^9 )*2(/'+ ". _;X94; H #/+%8()"* ". (6/ #/'8()"* 0)*/()82 

:'2 '&2" *"(/+ '2? %*+/# (6"2/ 8"*+)()"*2? (6/ J>A #/'86/+ (6/ &)$)( <'&%/ ". _;W9 '( F[ +'-2 

)*2(/'+ ". :)(6)* ^ +'-2 :6/* 0/I( '( Z_eA;  

 

A"*8/#*)*= (6/ =/"I"&-$/# $"#('#? (6/ /PI'*2)"* $/'2%#/+ '( X[eA :'2 2&)=6( )* (6/ .)#2( WY 

+'-2? :)(6 ' 2('3)&)2'()"* '( _;_X9; K":/</#? (6/ ("('& +)$/*2)"*'& <'#)'()"*2 :/#/ ". (6/ 

2'$/ "#+/# ". $'=*)(%+/ '2 (6"2/ "3(')*/+ '( Z_eA? 26":)*= ' */=&)=)3&/ )*.&%/*8/ ". (6/ 

(/$I/#'(%#/ "* (6/ /PI'*2)"* ". =/"I"&-$/# $"#('# )* I#/2/*8/ ". 6)=6&- #/'8()</ 2'*+; 

 

 

 
 !"#$%&.-(#?)*&,"01,#.(%9!"#16#;G<#&,-#AG#/1%$&%"#/&-!#'0$5#$5!#&22(90&2#"&,-#'0$5#1*&2#H"&,-#!J#"51'0,7#

$5!#0,62(!,.!#16#$5!#$!/*!%&$(%!#16#$5!#&..!2!%&$!-#$!"$0,7#H!%%1%#4&%"#2!""#$5&,#=E=`@#61%#;G<#&,-#=E=+@#61%#

AGJE#
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1.2 Scale effect 

 

5" "</#8"$/ (6/ I#"3&/$ 8'%2/+ 3- (6/ 28'&/ /../8(? (6/ 2'$/ I#"8/+%#/ :'2 I/#."#$/+? 2()&& 

)* $")2( 8"*+)()"*2 '*+ '( Z_eA? 3%( :)(6 ' <"&%$/ ". 2I/8)$/* ."%# ()$/2 &'#=/#; 56%2 (6/ 

+)$/*2)"*2 ". YPYPWZ 8$ $"#('# 2I/8)$/*2 $'+/ :)(6 T> '*+ J>A :/#/ ."&&":/+ '*+ 

8"$I'#/+ (" (6/ #/2%&(2 "3(')*/+ ."# (6/ FPFPWZ8$ 2I/8)$/*2; D*8#/'2)*= (6/ <"&%$/ 

&"=)8'&&- )*8#/'2/+ (6/ &)*/'# /PI'*2)"* $/'2%#/+ ."# (6/ J>A $"#('#2 :)(6 '* '%=$/*('()"* 

". '&$"2( _;W9 ,);/; ' R%'#(/# ". (6/ ("('& /PI'*2)"*4,7)=%#/ FW4; D* 8"*(#'2(? (6/ =/"I"&-$/# 

$"#('# 26":/+ */'#&- S/#" /PI'*2)"* ,j_;__W94 %I (" WE_ +'-2; D* (6)2 8'2/? (6/ )*8#/'2/ 3- 

."%# ". (6/ <"&%$/ ". (6/ 2I/8)$/*2 "*8/ '=')* 26":/+ (6)2 '32/*8/ ". H]V /PI'*2)"*2 )* 

(6/ =/"I"&-$/#; 

 

 
 !"#$%&.,(#?)*&,"01,#.(%9!"#16#;G<#&,-#AG#/1%$&%"#/&-!#'0$5#$5!#&22(90&2#"&,-#'0$5#1*&2#H"&,-#!J#"51'0,7#

$5!#0,62(!,.!#16#$5!#-0/!,"01,#16#$5!#"*!.0/!,"#H!%%1%#4&%"#2!""#$5&,#=E=`@#61%#;G<#&,-#=E=+@#61%#AGJE#

 

1.3 Influence on the curing condition 

 

5" (#- (" #/I#"+%8/ H]5C AWFZ_1\Y? (6/ 2('*+'#+ $"2( %2/+ )* (6/ &)(/#'(%#/ ."# H]V 2(%+)/2 

"* =/"I"&-$/# 2-2(/$2 ,7/#*'*+/S1h)$/*/S /( '&? F__^ '*+ T'#8q'1 i"+/)#" /( '&? F__^4 3%( 

'&2" (6/ 2('*+'#+ )$I"2)*= (6/ 6'#26/2( 8%#/ 8"*+)()"*2? FPFPWZ 8$ T> '*+ J>A 2I/8)$/*2 

:/#/ I#/I'#/+ '*+ I&'8/+ )* ' WC c'JK 2"&%()"* ,'.(/# F[ +'-2 ". 8%#)*= '( F_eA )* 2/'&/+ 

3'=24; D* "#+/# (" 2(%+- "*&- (6/ )*.&%/*8/ ". (6/ 8%#)*= 8"*+)()"*2? ' (/$I/#'(%#/ ". Z_eA :'2 

*/</#(6/&/22 86"2/* '*+ *"( [_eA '2 #/8"$$/*+/+ )* (6/ 2('*+'#+; 
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D( :'2 ."%*+ (6'( )$$/#2)"* )* ' WC c'JK 2"&%()"* '( Z_eA #/2%&(/+ )* (6/ 6)=6/2( 

/PI'*2)"*2 ."# 3"(6 J>A '*+ =/"I"&-$/#? :6)86 #/'86/+ #/2I/8()</&- _;ZE9 '*+ _;WF9 '( 

Y^_ +'-2 ,7)=%#/ FF4; 56/ .'8( (6'( (6/ $'P)$%$ /PI'*2)"*2 ". (6/ J>A $"#/ (6'* +"%3&/+ 

,.#"$ _;X9 (" _;ZE94 ."# (6/ 2'$/ 2I/8)$/* +)$/*2)"*2? )*8"#I"#'()*= (6/ 2'$/ 2'*+ '*+ '( 

(6/ 2'$/ (/$I/#'(%#/? 8&/'#&- 26":/+ (6/ '==#/22)</*/22 ". (6)2 8%#)*= 8"*+)()"*;  

 
 !"#$%&..(#?)*&,"01,#.(%9!"#16#;G<#&,-#AG#/1%$&%"#/&-!#'0$5#$5!#&22(90&2#"&,-#'0$5#1*&2#H"&,-#!J#.(%!-#0,#

+\#S&;R#"12($01,#(*#$1#PF=#-&O"#H!%%1%#4&%"#2!""#=E=+@#61%#AG#&,-#=E=P@#61%#;G<JE#

 

H( WE_ +'-2 ". (/2()*=? T> $"#('#2 #/'86/+ (6/ %II/# /PI'*2)"* &)$)( <'&%/ ". _;W9 ,7)=%#/ 

[4 :6)&/? )* '&& "(6/# 8'2/2? ' <'&%/ ". _;_Y9 :'2 */</# /P8//+/+; C"#/"</# (6/ /<"&%()"* ". 

(6/ /PI'*2)"*2 3/(://* WE_ '*+ Y^_ +'-2 26":/+ (6/ 8"*()*%)(- ". (6/ 2:/&&)*=; 56)2 #/2%&( 

'&2" 8"*.)#$2 (6/ '==#/22)</*/22 ". (6)2 (/2( ,%2%'&&- I/#."#$/+ '( [_eA4 '*+ R%/2()"*2 )(2 

'3)&)(- (" #/.&/8( (6/ #/'&)(- ". (6/ #/'8()"*; 56)2 '==#/22)</*/22 :'2 '&2" 6)=6&)=6(/+ 3- 

2%I/#.)8)'& +/=#'+'()"*2 "32/#</+ "* (6/ =/"I"&-$/# 2I/8)$/*2 '( F[ +'-2? '2 )&&%2(#'(/+ 3- 

(6/ I"#"%2 2%#.'8/ "3(')*/+? <)2)3&/ "* 7)=%#/ FX; 

 

 
 !"#$%&./(&_)_)+3./#7!1*12O/!%#/1%$&%#/&-!#'0$5#$5!#&22(90&2#"&,-#'0$5#1*&2#H"&,-#!J#.(%!-#&$#3=Z<#

0//!%"!-#0,#&+\#S&;R#"12($01,#61%#_Y#-&O"E#
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K":/</#? 8"$I'#/+ (" (6/ J>A? :6)86 /P8//+/+ (6/ &)$)( +%#)*= (6/ .)#2( ://0? $/('0'"&)*1

3'2/+ =/"I"&-$/#2 26":/+ ' $%86 3/((/# #/2)2('*8/ (" H]V? 3- #/'86)*= (6)2 <'&%/ '( $"#/ 

(6'* W__ +'-2; 

 

2. Non-accelerated ASR testing 

2.1 Expansion measurement 

#

D* "#+/# (" "32/#</ (6/ I6/*"$/*"* :)(6"%( '&(/#)*= (6/ 86/$)8'& #/'8()"* ('0)*= I&'8/ )* 

(6/2/ $'(#)8/2? ' *"*1'88/&/#'(/+ (/2( :'2 I/#."#$/+ "* J>A '*+ T> $"#('#2 :)(6 ' $)P(%#/ 

". "I'&1$'#3&/ 2'*+? ". W_91\_9 3- $'22 8"##/2I"*+)*= (" (6/ rI/22)$%$r I#"I"#()"*; 

FPFPWZ 8$ 2I/8)$/*2 :/#/ 8%#/+ '( F_eA '*+ \E9 V;K; .#"$ (6/)# I#/I'#'()"*? '*+ (6/ 

/PI'*2)"*2 $/'2%#/+ '#/ I#/2/*(/+ "* 7)=%#/ FY; 

 

56/2/ #/2%&(2 26": (6'(? /</* '( #""$ (/$I/#'(%#/? ). .'<"%#'3&/ 8"*+)()"*2 ."# +/</&"I$/*( 

". H]V1=/&2 '#/ $/(? 2)=*).)8'*( /PI'*2)"*2 '#/ "3(')*/+ )* 2-2(/$2 $'+/ ". >"#(&'*+ 8/$/*(? 

:6)86 /P8//+/+ _;W9 )* "*&- W_ +'-2 '*+ #/'86/+ _;FE9 '( E_ +'-2; J* (6/ "(6/# 6'*+? *" 

8&/'# 86'*=/ )* +)$/*2)"*2 :'2 "32/#</+ ."# (6/ =/"I"&-$/# 2-2(/$? :6)86 2('3)&)2/+ '( 

_;__X9 %I (" W^E +'-2? '.(/# ' 2&)=6( 26#)*0'=/ ". _;_F9 $'P)$%$ +%#)*= (6/ .)#2( E_ +'-2; 

 

 
 !"#$%&.0(#?)*&,"01,#.(%9!"#16#;G<#&,-#AG#/1%$&%"#/&-!#'0$5#+=@#16#1*&2#&,-#D=@#16#/&%42!:#.(%!-#&$#_=Z<#

&,-#DQ@#>ERE#H!%%1%#4&%"#2!""#=E=+@#61%#AG#&,-#=E=_@#61%#;G<JE#

%
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56/ <)2%'& "32/#<'()"*2 ". (6/ 2%#.'8/ ". (6/2/ (:" $"#('#2 '( W__ +'-2? )&&%2(#'(/+ "* 7)=%#/ 

FE? #/</'&/+ ' 2&)=6(&- 8#'80/+ 2%#.'8/ :)(6 #/&/'2/ ". =/& .#"$ (6/ I"#/2 ."# (6/ J>A ,:)(6 s 

)* 7)=%#/ FE'4? :6/#/'2 (6/ 2%#.'8/ ". (6/ =/"I"&-$/# 6'+ (6/ 2'$/ 'II/'#'*8/ '2 '( (6/ .)#2( 

+'-; 

%

 !"#$%&.1(&L(%6&.!":#&$#+==#-&O":#16#_)_)_./#;G<#H&J#&,-#AG#H4J#/1%$&%#/&-!#'0$5#+=@#16#1*&2#&,-#D=@#16#

/&%42!:#.(%!-#&$#_=Z<#&,-#DQ@#>EREE#

 

2.2 SEM observations 

 

])*8/ (6/ '32/*8/ ". 2:/&&)*= +"/2 *"( $/'* (6/ '32/*8/ ". =/& ."#$'()"*? ' 2(%+- %2)*= ' 

28'**)*= /&/8(#"* $)8#"28"I/ :'2 8'##)/+ "%( "* T> $"#('# )* (6/ I#/2/*8/ ". "I'&1$'#3&/ 

2'*+ $)P(%#/ '.(/# W^_ +'-2 '( F_eA '*+ \E9 V;K; D( 8'* 3/ 2//* ,7)=%#/ FZ4 (6'( =/& :'2 

I#/2/*( '( (6/ )*(/#.'8/ 3/(://* (6/ =/"I"&-$/# I'2(/ '*+ (6/ "I'& '==#/='(/2; 56/2/ =/&2 

,:)(6 ' (6)80*/22 '#"%*+ W_ o$4 ."%*+ )* &'#=/ R%'*()()/2 )* (6/ '*'&-2/+ 2'$I&/ 6'+ ' 

$"#I6"&"=- 2)$)&'# (" (6'( ". H]V =/&2 8"$$"*&- "32/#</+ )* >"#(&'*+ 8/$/*( 1 #/'8()</ 

'==#/='(/ $)P(%#/2? 3%( :'2 '&2" 2)$)&'# (" (6/ =/& I#/<)"%2&- "32/#</+ "* (6/ =&'22 

'==#/='(/2;  

 

                             
 !"#$%&.'(#G51$1/0.%17%&*5#16#AG#/1%$&%#&$#+F=#-&O"#"51'0,7#IL>#*%1-(.$#'0$5#.%&.80,7#/1%*51217O#16#7!2E#
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H 8"$I&/P 2)&)8/"%2 2(#%8(%#/ :'2 '&2" "32/#</+ "* (6/2/ 2I/8)$/*2! )( &""0/+ &)0/ H]V1=/& 

:)(6 r#"2/((/r $"#I6"&"=- ,7)=%#/ F^4; 56)2 2(#%8(%#/ 8"%&+ '&2" 3/ )+/*().)/+ '2 S/"&)(/2? 

8#-2('&&)*/ I#"+%8(2 ."#$/+ )* =/"I"&-$/# '*+ ".(/* "32/#</+ )* (6/ &)(/#'(%#/ ,7/#*'*+/S1

h)$/*/S /( '&;? F__^? T'#8q'1 i"+/)#" /( '&;? F__^? Q%P"* /( '& F__Z4; K":/</#? S/"&)(/2 '#/ 

*"( %2%'&&- ."#$/+ '( #""$ (/$I/#'(%#/? 2" (6/ "32/#</+ I#"+%8(2 #'(6/# 2%==/2( 8#-2('&&)2/+ 

H]V1I#"+%8(? ."#$/+ 3- (6/ +)22"&%()"* ". (6/ "I'& )* (6/ 2'*+; 

56/ ."#$'()"* ". (6)2 I#"+%8( (6/#/."#/ )*+)8'(/2 (6'( (6/#/ :'2? '2 )* (6/ J>A? +)22"&%()"* ". 

(6/ #/'8()</ 2)&)8' ". (6/ "I'&? 3%( :)(6"%( 8'%2)*= '*- /PI'*2)"*; 

 

 

 
 !"#$%&.)(#G51$1/0.%17%&*5"#16#AG#/1%$&%#&$#+F=#-&O"E#IL>#*%1-(.$#'0$5#&#]%1"!$$!b$O*!^#/1%*51217O#&$#$'1#

".&2!"#)FQ=#H&J#&,-#)`:===H4JE#
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&

23!4& 45#67& 439:%6& 5385& ;9& %O=8;4!9;& :84& 9D58!;%6& >9$& "%9=9B7@%$& @9$58$4& :!53& ?%$7&

$%8<5!?%& 8""$%"85%4& P9=8BQM& %?%;& D7& ?8$7!;"& 53%& 5%@=%$85#$%& 9>& 53%& 5%45& 9$& 53%& 4!R%& 9>& 53%&

4=%<!@%;4(&H;B7& 8""$%44!?%& <9;6!5!9;4M& B!A%& !@@%$4!9;& !;& 8& ,S&N8HL& 49B#5!9;M& B%6& 59& 8&

;9;C;%"B!"!DB%& %O=8;4!9;& 9>& "%9=9B7@%$& @9$58$4M& D#5& :!53& ?%$7& 4B9:& $%8<5!9;& A!;%5!<4&

<9@=8$%6& 59&HIJ(& &23%&;9;C8<<%B%$85%6& 5%45&<9;>!$@%6& 53%&<9;<B#4!9;&6$8:;&%8$B!%$& 5385&

53%&"%9=9B7@%$&4%%@%6&59&6%?%B9=&;9&38$@>#B&$%8<5!9;&!;&=$%4%;<%&9>& $%8<5!?%&8""$%"85%4&

8;6&9=5!@8B&<9;6!5!9;4&>9$&EFGM&%?%;&539#"3&$%8<5!9;&=$96#<54&<9#B6&D%&4%%;&85&53%&T2U(&
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E67%30'2.#",0' 

 

56/ /PI/#)$/*('& 2(%+)/2 I/#."#$/+ )* (6)2 86'I(/# :/#/ )*(/*+/+ (" '22/22 (6/ H]V1

3/6'<)"%# ". =/"I"&-$/# $"#('#2 )* (6/ I#/2/*8/ ". #/'8()</ 2'*+2; 56/ :"#0 :'2 8'##)/+ "%( 

"* =/"I"&-$/# '*+ J>A $"#('#2 )*8"#I"#'()*= 2/</* +)../#/*( '&0'&)1#/'8()</ 2'*+2? /'86 

6'<)*= ' +)../#/*( &/</& ". #/'8()<)(-? '*+ %2/+ +)../#/*( (/2( 8"*+)()"*2? '88/&/#'(/+ "# *"(; 

56/ $"#I6"&"=- '*+ 8"$I"2)()"*2 ". (6/ I#"+%8(2 ". #/'8()"* ."#$/+ :/#/ '*'&-2/+ %2)*= 

]BC '*+ BQb '.(/# W^_ +'-2 ". 8%#/; V/='#+)*= (6/ /PI/#)$/*('& #/2%&(2 "3(')*/+ )* (6)2 

2(%+-? (6/ ."&&":)*= 8"*8&%2)"*2 8'* 3/ +#':*! 

 

· 56/ )*8"#I"#'()"* ". #/'8()</ 2'*+2 )* $/('0'"&)*13'2/+ =/"I"&-$/# $"#('#2 '8()<'(/+ 

3- 2"+)%$ 2)&)8'(/ +"/2 *"( &/'+ (" (6/ H]V 2:/&&)*= 86'#'8(/#)2()8 ". J>A $"#('#2; 

56)2 8"%&+ 3/ +%/ (" <'#)"%2 I6/*"$/*'! .'2( +/8#/'2/ ". (6/ IK? &'80 ". 8'&8)%$ )* 

(6/ */:1."#$/+ I#"+%8(2? "# '88"$$"+'()"* ". (6/ =/&2 )* (6/ I"#"%2 */(:"#0; 

 

· c" 86'*=/? "# ' $"+/#'(/ )*8#/'2/? :'2 "32/#</+ )* (6/ #)=)+)(- ". =/"I"&-$/# 

2I/8)$/*2; J*&- (6/ =/"I"&-$/# $"#('# 8"*(')*)*= 8#%26/+ =&'22 I'#()8&/2 +)+ *"( 

."&&": (6)2 (#/*+? I#"3'3&- +%/ (" (6/ ."#$'()"* ". ' =/& &'-/# 3/(://* (6/ '==#/='(/ 

'*+ (6/ I'2(/; 

 

· ]"$/ =/&2 :)(6 $"#I6"&"=)/2 2)$)&'# (" (6"2/ ". H]V =/&2 :/#/ "32/#</+ '( I'2(/1

'==#/='(/ )*(/#.'8/2 "# )* 8'<)()/2 )* $"#('#2 $'+/ :)(6 (6/ #/'8()</ 2'*+2 8"*(')*)*= 

"I'&;  

 

· 56/ ."#$'()"* ". ' #/'8()"* I#"+%8(? 8"</#)*= (6/ /*()#/ 2%#.'8/ ". (6/ =&'22 =#')*2 )* 

(6/ 2'*+ '*+ #/2%&()*= )* ' 2)=*).)8'*( +/8#/'2/ )* '+6/2)"* 3/(://* (6/ 2'*+ '*+ (6/ 

=/"I"&-$/#? :'2 "32/#</+; 56/ R%/2()"* '#)2/2 '2 (" :6/(6/# (6)2 */: 8"$I"%*+ :'2 

'* H]V =/& "# p%2( ' I#"+%8( +%/ (" (6/ #/'8()"* ". (6/ /P(/#*'& =&'22 &'-/# :)(6 (6/ 

2%##"%*+)*= /*<)#"*$/*( #)86 )* '&0'&)2; 

 

· 56/ #/2%&(2 ". (6/ +)../#/*( '88/&/#'(/+ (/2( 8"*+)()"*2 %2/+ )* (6)2 2(%+- '&&": )( (" 3/ 

2('(/+ (6'(? :6'(/</# (6/ I'#'$/(/#2 2(%+)/+ '*+ :6/(6/# (6/- :/#/ .'<"%#'3&/ "# 

%*.'<"%#'3&/ (" (6/ +/</&"I$/*( ". H]V 2:/&&)*= =/&? *" 86'#'8(/#)2()8 2:/&&)*= :'2 
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"32/#</+ )* =/"I"&-$/# $"#('#2 )* I#/2/*8/ ". #/'8()</ 2'*+? /P8/I( ."# (6/ 

)$$/#2)"* )* WC c'JK 2"&%()"*;  

 

· 56/ #/2%&(2 I#"<)+/+ 3- (6/ *"*1'88/&/#'(/+ (/2( '&2" 26":/+ (6/ '32/*8/ ". /PI'*2)"* 

". T> $"#('#2 :6/* '&& .'<"%#'3&/ 8"*+)()"*2 ,."# J>A /PI'*2)"*4 :/#/ 8"$3)*/+? 

'*+ 6)=6&)=6(/+ (6/ ."#$'()"* ". #/'8()"* I#"+%8(2 )* (6/ T> :)(6 $"#I6"&"=)/2 8&"2/ 

(" (6/ H]V I#"+%8(2 ."%*+ )* J>A; K":/</#? (6/ #/2%&(2 ". (6)2 2(%+- (/*+ (" 26": 

(6'( (6/2/ #/'8()"* I#"+%8(2 +" *"( &/'+ (" /PI'*2)"*? :6'(/</# (6/ 8"*+)()"*2; 

 

Q%/ (" (6/)# </#- 6)=6 '&0'&) 8"*(/*( 8"$I'#/+ (" J>A? =/"I"&-$/#2 =)</ #)2/ (" $'*- 

R%/2()"*2? /2I/8)'&&- #/='#+)*= (6/)# +%#'3)&)(-; 56/ #/2%&(2 ". (6)2 2(%+- I#"<)+/ 2"$/ 

'*2:/#2 8"*8/#*)*= (6/ '&0'&)1'==#/='(/ #/'8()"*? 3- 26":)*= (6'( (6/ +%#'3)&)(- ". (6/ 

=/"I"&-$/# '=')*2( H]V 8"%&+ 3/ 6)=6/# (6'* (6'( ". J>A %*+/# (6/ 2'$/ (/2( 8"*+)()"*2; 

 

 %
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 &8&)&'2&"%

 

W2( DAHHV? H'&3"#= >"#(&'*+ V '*+ Q 2/$)*'# "* '&0'&)12)&)8' #/'8()"*? G'#&2(#%I? Q/*$'#0? 

W\^Y;  

F*+ DAHHV? ]-$I"2)%$ "* HHV? I#/</*('()</ $/'2%#/2? V/-0p'<)0? D8/&'*+? W\^E;  

X#+ DAHHV? 56/ /../8(2 ". '&0'&)2 "* (6/ I#"I/#()/2 ". 8"*8#/(/? `/P6'$ ]I#)*=2? i"*+"* 

W\^Z;  

Y(6 DAHHV? 56/ /../8(2 ". '&0'&)2 )* 8/$/*( '*+ 8"*8#/(/? >%#+%/ t*)</#2)(-? D*+)'*'? t]H? 

W\^[;  

E(6 DAHHV? 56/ /../8(2 ". '&0'&)2 )* 8/$/*( '*+ 8"*8#/(/? A'I/ 5":*? ]"%(6 H.#)8'? W\[W; 

Z(6 DAHHV? H&0'&)2 )* 8"*8#/(/? #/2/'#86 '*+ I#'8()8/? A"I/*6'=/*? Q/*$'#0? W\[X;  

^(6 DAHHV? A"*8#/(/ '&0'&)1'==#/='(/ #/'8()"*2? J((':'? A'*'+' W\[^;  

[(6 DAHHV? H&0'&)1'==#/='(/ #/'8()"*? G-"("? h'I'*? W\[\;  

\(6 DAHHV? H&0'&)1'==#/='(/ #/'8()"* )* 8"*8#/(/? i"*+"*? tG W\\F;  

W_(6 DAHHV? H&0'&)1'==#/='(/ #/'8()"* )* 8"*8#/(/? C/&3"%#*/? H%2(#'&)'? W\\Z;  

WW(6 DAHHV? H&0'&)1'==#/='(/ #/'8()"* )* 8"*8#/(/? l%/3/8 A)(-? A'*'+'? F___; 

WF(6 DAHHV? H&0'&)1'==#/='(/ #/'8()"* )* 8"*8#/(/? N/)p)*=? A6)*'? F__Y; 

WX(6 DAHHV? H&0'&)1'==#/='(/ #/'8()"* )* 8"*8#/(/? 5#"*+6/)$? c"#:'-? F__[; 

WY(6 DAHHV? H&0'&)1'==#/='(/ #/'8()"* )* 8"*8#/(/? H%2()*? 5/P'2? t]H? F_WF; 

 

H7cJV; c7 >W[1YEY ,F__Y4 NO("* d VO'8()<)(O +m%*/ ."#$%&/ +/ 3O("* <)21u1<)2 +/ &m'&8'&)1

#O'8()"* d B22') +/ I/#."#$'*8/ 

H7cJV; c7 Bc W\Z1W ,F__Z4 C/(6"+2 ". (/2()*= 8/$/*( d I'#( W! +/(/#$)*'()"* ". 2(#/*=(6; 

H]5C A FF^ d _X? ]('*+'#+ (/2( $/(6"+ ."# I"(/*()'& '&0'&) #/'8()<)(- ". 8/$/*(1'==#/='(/ 

8"$3)*'()"*2 ,$"#('#13'# $/(6"+4? F__X 

H]5C A YYW d _F'? ]('*+'#+ (/2( $/(6"+ ."# /../8()</*/22 ". I"SS"&'*2 "# =#"%*+ 3&'2(1

.%#*'8/ 2&'= )* I#/</*()*= /P8/22)</ /PI'*2)"* ". 8"*8#/(/ +%/ (" (6/ '&0'&)12)&)8' 

#/'8()"*? F__F; 

N&/2S-*20)? V; 7; '*+ 56"$'2; C; Q; H; ,W\\[4 C)8#"2(#%8(%#'& ](%+)/2 ". H&0'&)1])&)8' 

V/'8()"* )* 7&- H26 A"*8#/(/ D$$/#2/+ )* H&0'&)*/ ]"&%()"*2? I-9&,.!-#<!/!,$#[&"!-#

\&$!%0&2"? ^! ZZd^[;  



Chapter IV. Alkali-silica reaction in metakaolin-based geopolymer  

 

- 239 - 
 

N"6/#? A;? ,F_WF4 BPI/#)$/*('& 2(%+- '*+ $"+/&)*= ". ='2 +)..%2)"* (6#"%=6 I"#"%2 I'#()'&&- 

:'(/# 2'(%#'(/+ /*<)#"*$/*(2; HII&)8'()"* (" v-8"# =&'22/2? =/"I"&-$/# '*+ ABC v 

8/$/*( I'2(/; t*)</#2)(O +/ 5"%&"%2/? 5"%&"%2/ ,>6Q (6/2)2 ,)* 7#/*8644;  

A'#&/21T)3/#=%/2? H;? A-#? C;? C")22"*? C;? V)*="(? B; ,F__[4 H 2)$I&/ :'- (" $)()='(/ 

'&0'&)12)&)8' #/'8()"*; \&$!%0&2"#&,-#L$%(.$(%!"E YW!W^X1[X 

A6'((/#p)? ]; ,W\^\4 56/ #"&/ ". A',JK4F )* (6/ 3#/'0+":* ". >"#(&'*+ 8/$/*( 8"*8#/(/ +%/ (" 

'&0'&)12)&)8' #/'8()"*? <!/!,$#&,-#<1,.%!$!#>!"!&%.5? \! W[E1W[[;  

A-#? C;? V)<'#+? >;? i'3#/8R%/? 7;? Q')+)O? H; ,F__[4 K)=61I#/22%#/ +/<)8/ ."# .&%)+ 

/P(#'8()"* .#"$ I"#"%2 $'(/#)'&2! 'II&)8'()"* (" 8/$/*(13'2/+ $'(/#)'&2; a1(%,&2#16#$5!#

I/!%0.&,#<!%&/0.#L1.0!$O \W! FZEX1FZE[  

A-#? C;? V)<'#+? >;? i'3#/8R%/? 7; ,F__\4 V/+%8()"* ". H]V1/PI'*2)"* %2)*= I":+/#2 =#"%*+ 

.#"$ <'#)"%2 2"%#8/2 ". #/'8()</ '==#/='(/2; <!/!,$#&,-#<1,.%!$!#<1/*1"0$!"E XW!YX[1

YYZ 

A-#? C;? '*+ >"%6/(? V; ,F_WY4; V/2)2('*8/ (" '&0'&)1'==#/='(/ #/'8()"* ,HHV4 ". '&0'&)1

'8()<'(/+ 8/$/*(13'2/+ 3)*+/#2; K'*+3""0 ". H&0'&)1H8()<'(/+ A/$/*(2? C"#('#2 '*+ 

A"*8#/(/2? X\^;  

A-#? C;? 5#)*6? C;? K%22"*? N;? A'2'%P1T)*/2(/(? T; ,F_WY4; B../8( ". 8/$/*( (-I/ "* 

$/('0'"&)* /..)8)/*8-; <!/!,$#&,-#<1,.%!$!#>!"!&%.5E ZY! ZX1^F; 

Q/*( T&'22/#? i; ]; ,W\^\4 J2$"()8 I#/22%#/ '*+ (6/ 2:/&&)*= ". =/&2; <!/!,$#&,-#<1,.%!$!#

>!"!&%.5? \! EWEdEW^ 

Q/*( T&'22/#? i; ];? '*+ G'('"0'? c; ,W\[W'4 56/ 86/$)2(#- ". '&0'&)1'==#/='(/ #/'8()"*2; 

>#"8//+)*=2 ". $5!#X06$5#c,$!%,&$01,&2#.1,6!%!,.!#1,#I28&20bI77%!7&$!#>!&.$01,"? A'I/ 

5":*? ]"%(6 H.#)8'? I'I/# ]FEFaFX? ZZ; 

Q/*( T&'22/#? i; ]; '*+ G'('"0'? c; ,W\[W34 56/ 86/$)2(#- ". '&0'&)1'==#/='(/ #/'8()"*2;#

<!/!,$#&,-#<1,.%!$!#>!"!&%.5E WW,W4! W1\; 

Q/*( T&'22/#? i; ]; '*+ G'('"0'? c; ,W\[F4 56/ #"&/ ". 8'&8)%$ )* (6/ '&0'&)d'==#/='(/ 

#/'8()"*; <!/!,$#&,-#<1,.%!$!#>!"!&%.5; WF! XFW1XXW; 

Q)'$"*+? ]; ,W\[\4 H]V 1 H*"(6/# &""0 '( $/86'*)2$2? 0,#Y$5#c,$!%,&$01,&2#<1,6!%!,.!#1,#

I28&20bI77%!7&$!#>!&.$01,#0,#<1,.%!$!? [X1\Y; 

Q#"*? V;? N#)<"(? 7;? A6'%22'+/*(? 5; ,W\\^4 C/86'*)2$ ". (6/ '&0'&)12)&)8' #/'8()"*w? 

>#"8//+)*=2 ". $5!# +=$5# c,$!%,&$01,&2# <1,7%!""# 1,# $5!# <5!/0"$%O# 16# <!/!,$? 

T"(6/*3%#=? <"&; Y! >/#."#$'*8/ '*+ +%#'3)&)(- ". A/$/*()()"%2 $'(/#)'&2? [; 
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Q%P2"*? >;? 7/#*x*+/S1h)$O*/S? H;? >#"<)2? h;i;? i%0/-? T;A;? >'&"$"? H;? v'* Q/</*(/#? h;]; 

,F__Z4 T/"I"&-$/# (/86*"&"=-! (6/ 8%##/*( 2('(/ ". (6/ '#(; a1(%,&2# 16# \&$!%0&2"#

L.0!,.!E YF! F\W^1F\XX; 

7/*=? b;? 56"$'2? C;Q;H;? N#/$*/#? 5;`;? N'&8"$? N;h;? 7"&&)'#+? G;h; ,F__E4 ](%+)/2 "* 

&)(6)%$ 2'&(2 (" $)()='(/ H]V1)*+%8/+ /PI'*2)"* )* */: 8"*8#/(/ 1 ' 8#)()8'& #/<)/:; 

<!/!,$#&,-#<1,.%!$!#>!"!&%.5E XE! W^[\1W^\Z; 

7/#*'*+/S1h)$/*/S? H;? T'#8q'1i"+/)#"? D; '*+ >'&"$"? H; ,F__^4 Q%#'3)&)(- ". '&0'&)1

'8()<'(/+ .&- '26 8/$/*()()"%2 $'(/#)'&2; a1(%,&2#16#\&$!%0&2"#L.0!,.!E YF! X_EEdX_ZE; 

7#''-? H;i;H;? N)p/*? h;C;? Q/ K''*? f;C; ,W\[\4 56/ #/'8()"* ". .&- '26 )* 8"*8#/(/! ' 

8#)()8'& /P'$)*'()"*; <!/!,$#&,-#<1,.%!$!#>!"!&%.5E W\! FXE1FYZ; 

T'"? b;? C%&("*? ];? A-#? C;? ]/&&)/#? H; ,F_WW4 JI()$)2)*= '* /PI'*2)"* (/2( ."# (6/ 

'22/22$/*( ". '&0'&)12)&)8' #/'8()"* )* 8"*8#/(/ 2(#%8(%#/2; \&$!%0&2"#&,-#L$%(.$(%!"; YY! 

WZYW1WZEX; 

T'" b;? A-# C;? C%&("* ];? ]/&&)/# H; ,F_WX4 H 8"$I'#)2"* ". $/(6"+2 ."# 86/$)8'& 

'22/22$/*( ". #/'8()</ 2)&)8' )* 8"*8#/(/ '==#/='(/2 3- 2/&/8()</ +)22"&%()"*; <!/!,$#&,-#

<1,.%!$!#<1/*1"0$!"; X^! [F1\Y; 

T'#8)'1Q)'S? B;? V)86/? h;? N%&(//&? Q;? v/#*/(? A; ,F__Z4 C/86'*)2$ ". +'$'=/ ."# (6/ 

'&0'&)d2)&)8' #/'8()"*; <!/!,$#&,-#<1,.%!$!#>!"!&%.5E XZ,F4! X\E1Y__; 

T'#8q'1i"+/)#" D? >'&"$" H '*+ 7/#*x*+/S1h)$O*/S H ,F__^4? yH&0'&)d'==#/='(/ #/'8()"* )* 

'8()<'(/+ .&- '26 2-2(/$2w? <!/!,$#&,-#<1,.%!$!#>!"!&%.5? `F,F4? W^EdW[X; 

T).."#+? >;C; '*+ T)&&"((? h;B; ,W\\Z4 H&0'&)12)&)8' #/'8()"* ,H]V4 '*+ '&0'&)18'#3"*'(/ 

#/'8()"* ,HAV4 )* '8()<'(/+ 3&'2( .%#*'8/ 2&'= 8/$/*( ,HN7]A4 8"*8#/(/; <!/!,$#&,-#

<1,.%!$!#>!"!&%.5E _3,W4! FWdFZ; 

T)&&"((? h;B; ,W\ZY4 C/86'*)2$2 '*+ 0)*/()82 ". /PI'*2)"* )* (6/ '&0'&)18'#3"*'(/ #"80 

#/'8()"*; <&,&-0&,#a1(%,&2#16#?&%$5#L.0!,.!E W! WFWdYE; 

T&'22/#? 7;>; ,W\\F4 A6/$)2(#- ". '&0'&)1'==#/='(/ #/'8()"*? )* ]:'$-? V; c; ,B+;4; d5!#

I28&20bL020.&#>!&.$01,#0,#<1,.%!$!; i"*+"*? N&'80)/ '*+ ]"* i(+; 

K%+/8? >;>; ,W\\_4 A"$$"* .'8("#2 '../8()*= '&0'&) #/'8()<)(- '*+ .#"2( +%#'3)&)(- ". 

'==#/='(/2? )* Q%#'3)&)(- ". N%)&+)*= C'(/#)'&2 '*+ A"$I"*/*(2; >#"8//+)*=2 X06$5#

c,$!%,&$01,&2#<1,6!%!,.!#[%075$1,E tG? h;C; N'0/# /( '&; ,B+24? B z 7c ]I"*? i"*+"*; 

K"332? Q;`; ,W\[[4 H&0'&)12)&)8' #/'8()"* )* 8"*8#/(/? d51/&"#d!261%-? i"*+"*; 

K"332? Q;`; ,W\\X4 Q/&/(/#)"%2 '&0'&)d2)&)8' #/'8()<)(- )* (6/ &'3"#'("#- '*+ %*+/# {/&+ 

8"*+)()"*2; \&7&M0,!#16#<1,.%!$!#>!"!&%.5E YE ,WZX4! W_X1WWF; 
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K"%? b;? ](%3&/? i;h; '*+ G)#0I'(#)80? V; h; ,F__Y4 7"#$'()"* ". H]V =/& '*+ (6/ #"&/ ". A]K 

'*+ I"#(&'*+)(/; <!/!,$#&,-#<1,.%!$!#>!"!&%.5E XY! WZ[X1WZ\Z; 

D+)#? V;? A-#? C;? 5'=*)(1K'$"%? H; ,F_W_4 t2/ ". .)*/ =&'22 '2 H]V )*6)3)("# )* =&'22 

'==#/='(/ $"#('#2; <1,"$%(.$01,#&,-#[(02-0,7#\&$!%0&2"E FY! WX_\1WXWF; 

D+)#? V;? A-#? C;? 5'=*)(1K'$"%? H; ,F_WW4 >"SS"&'*)8 I#"I/#()/2 ". .)*/ '*+ 8"'#2/ 8"&"#1

$)P/+ =&'22 8%&&/(; <!/!,$#&,-#<1,.%!$!#<1/*1"0$!"E XX! W\1F\; 

D+)#? V;? A-#? C;? 5'=*)(1K'$"%? H; ,F_WX4 V"&/ ". (6/ *'(%#/ ". #/'8()"* I#"+%8(2 )* (6/ 

+)../#)*= 3/6'<)"%#2 ". .)*/ =&'22 I":+/#2 '*+ 8"'#2/ =&'22 '==#/='(/2 %2/+ )* 8"*8#/(/; 

\&$!%0&2"#&,-#L$%(.$(%!"E YZ! FXX1FYX 

D&/#? V; G; ,W\^\4 56/ A6/$)2(#- ". ])&)8'! ]"&%3)&)(-? >"&-$/#)S'()"*? A"&&")+ '*+ ]%#.'8/ 

>#"I/#()/2? '*+ N)"86/$)2(#-; a15,#e02!O#&,-#L1,"? c/: f"#0;  

h"*/2? 5; c; ,W\[[4 H */: )*(/#I#/('()"* ". '&0'&)12)&)8' #/'8()"* '*+ /PI'*2)"* $/86'*)2$2 

)* 8"*8#/(/;#<5!/0"$%O#&,-#c,-("$%O; Y_dYY; 

i//$'**? H;? i/ ]'"%(? T;? `)**/./&+? 7;? V/*(286 Q;? i"(6/*3'86? N; ,F_WW4 H&0'&)12)&)8' 

#/'8()"*! (6/ )*.&%/*8/ ". 8'&8)%$ "* 2)&)8' +)22"&%()"* '*+ (6/ ."#$'()"* ". #/'8()"* 

I#"+%8(2; a1(%,&2#16#$5!#I/!%0.&,#<!%&/0.#L1.0!$OE \Y! WFYX1WFY\;  

i)? G1i;? K%'*=? T1K;? A6/*? h;? `'*=? Q;? c'*p)*=? b;5; '*+ A"? K;5; ,F__E4 B'#&- 

C/86'*)8'& >#"I/#(- '*+ Q%#'3)&)(- ". T/"I"&-$/#; A!1*12O/!%W#7%!!,#.5!/0"$%O#&,-#

"("$&0,&42!#-!9!21*/!,$#"12($01,"E WW^dWF_; 

i)? G;? K%'*=? T;? h)'*=? i1K;? A')? f1N;? A6/*? h; '*+ Q)*=? h15; ,F__Z4 ](%+- "* H3)&)()/2 ". 

C)*/#'& H+$)P(%#/2 '*+ T/"I"&-$/# (" V/2(#')* H]V; f!O#?,70,!!%0,7#\&$!%0&2"E X_F1

X_X? FY[1FEY; 

C%&("*? ];? ]/&&)/#? H;? A-#? C; ,F__\4 A6/$"1$/86'*)8'& $"+/&&)*= ."# I#/+)8()"* ". '&0'&) 

2)&)8' #/'8()"* ,H]V4 /PI'*2)"*;#<!/!,$#&,-#<1,.%!$!#>!"!&%.5E#X\! Y\_1E__; 

>)/(/#2/*? K;]; ,W\\X4 V/'8()<)(- ". .&- '26 '*+ 2&'= )* 8/$/*(? G5C#$5!"0"? Q/&.( t*)</#2)(- 

". 5/86*"&"=- 

>"%6/(? V;? A-#? C; ,F_WY4 D*.&%/*8/ ". (/2( 8"*+)()"*2 "* '&0'&)1'==#/='(/ #/'8()"* )* 

$/('0'"&)*13'2/+ =/"I"&-$/# $"#('#; )* $5!# Q$5# c,$!%,&$01,&2# <1,6!%!,.!# S1,b

d%&-0$01,&2#<!/!,$#g#<1,.%!$!; W^X1W^Z; 

>"%6/(? V; '*+ A-#? C; ,F_WE4 H&0'&)d2)&)8' #/'8()"* )* $/('0'"&)*13'2/+ =/"I"&-$/# $"#('#; 

\&$!%0&2"#&,-#L$%(.$(%!"E 

>#/SS)*? C;? C"*(/)#"*? h;C;? ]I"2)("*? T; ,W\\^4 56/ '&0'&)12)&)8' #/'8()"*; >'#( D! t2/ ". (6/ 

+"%3&/ &'-/# (6/"#- (" /PI&')* (6/ 3/6'<)"%# ". #/'8()"*1I#"+%8(2 =/&2; I<c#\&$!%0&2"#

a1(%,&2; 5/86*)8'& I'I/#; 
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V"=/#2? A;H;? K""("*? V;Q; ,W\\W4 V/+%8()"* )* $"#('# '*+ 8"*8#/(/ /PI'*2)"* :)(6 #/'8()</ 

'==#/='(/2 +%/ (" '&0'&) &/'86)*=; <!/!,$:#<1,.%!$!#&,-#I77%!7&$!"E WX,W4! YF1Y\; 

]/&&)/#? H;? N"%#+'#"(? B;? C%&("*? ];? A-#? C;? T#)$'&? B; ,F__\4 A"$3)*'()"* ". 2(#%8(%#'& 

$"*)("#)*= '*+ &'3"#'("#- (/2(2 ."# (6/ '22/22$/*( ". HHV12:/&&)*= 1 HII&)8'()"* (" ' 

='(/ 2(#%8(%#/ +'$; I<c#\&$!%0&2"#a1(%,&2E W_Z ,X4!  F[W1F\_; 

]6)? A; ,W\\Z4 ](#/*=(6? I"#/ 2(#%8(%#/ '*+ I/#$/'3)&)(- ". '&0'&)1'8()<'(/+ 2&'= $"#('#2; 

<!/!,$#&,-#<1,.%!$!#>!"!&%.5E FZ! W^[\1W^\\; 

]6)? A;? >'</&;? v;G; '*+ Q/&&'? V; ,F__E4 I28&20bI.$09&$!-# <!/!,$"# &,-# <1,.%!$!"? t]H? 

5'-&"# z 7#'*8)2; 

]6/6'('? C;K;? 56"$'2? C;Q;H ,F___4 56/ /../8( ". | - '26 8"$I"2)()"* "* (6/ /PI'*2)"* ". 

8"*8#/(/ +%/ (" '&0'&)d2)&)8' #/'8()"*; <!/!,$# &,-# <1,.%!$!# >!"!&%.5E X_,^4! W_ZX1

W_^F; 

])$2? D; '*+ c)P"*? >; ,F__X4 VDiBC 5A W\W1HV>! H&0'&)1#/'8()<)(- '*+ I#/</*()"* 1 

H22/22$/*(? 2I/8).)8'()"* '*+ +)'=*"2)2 ". '&0'&)1#/'8()<)(-? VDiBC V/8"$$/*+/+ 

5/2( C/(6"+ HHV1D! Q/(/8()"* ". I"(/*()'& '&0'&)1#/'8()<)(- ". '==#/='(/21 >/(#"=#'I6)8 

$/(6"+? \&$!%0&2"#&,-#L$%(.$(%!"? XZ! Y[_1Y\Z; 

]('*("*? 5; B; ,W\Y_4 BPI'*2)"* ". A"*8#/(/ 56#"%=6 V/'8()"* N/(://* A/$/*( '*+ 

H==#/='(/;  G%1.!!-0,7"# 16# $5!# I/!%0.&,# L1.0!$O# 16# <0902# ?,70,!!%"E ZZ! W^[W1W[WW; 

,'&2" I%3&)26/+ :)(6 +)28%22)"*2 )* W\YF IL<?#d%&,"&.$01,"? W_^? EYdWFZ4; 

]:/*2"*? B;T; '*+ T)&&"(? h;B; ,W\ZY4 H&0'&)18'#3"*'(/ #"80 #/'8()"*; R075'&O# >!"!&%.5#

[1&%-#[(22!$0,E F^E! W[1XW; 

]:/*2"*? B;T; ,W\E^4 H A'*'+)'* #/'8()</ '==#/='(/ %*+/(/8(/+ 3- H]5C (/2(2; ILd\#

[(22!$0,E  FFZ! Y[1EW; 

56"$'2? C;Q;H? N&'80:/&&? N;l; '*+ c)P"*? >;h; ,W\\Z4 B2()$'()*= (6/ '&0'&) 8"*(#)3%()"* 

.#"$ |- '26 (" /PI'*2)"* +%/ (" '&0'&)1'==#/='(/ #/'8()"* )* 8"*8#/(/; \&7&M0,!# 16#

<1,.%!$!#>!"!&%.5E Y[,W^^4! FEWdFZY; 

56"$'2? C;Q;H; '*+ D**)2? 7;H; W\\[4 B../8( ". 2&'= "* /PI'*2)"* +%/ (" '&0'&)1'==#/='(/ 

#/'8()"* )* 8"*8#/(/; I<c#\&$!%0&2"#a1(%,&2; \E,Z4! ^WZ1^FY; 

56"$'2? C;Q;H; ,W\\[4 56/ #"&/ ". 8'&8)%$ )* '&0'&)d2)&)8' #/'8()"*; \&$!%0&2"# L.0!,.!# 16#

<1,.%!$! ,])+*/- Q)'$"*+ ]-$I"2)%$4; XFE1XX^; 

56"$'2? C;Q;H; ,F_WW4 56/ /../8( ". 2%II&/$/*('#- 8/$/*()*= $'(/#)'&2 "* '&0'&)12)&)8' 

#/'8()"*! H #/<)/:; <!/!,$#&,-#<1,.%!$!#>!"!&%.5E YW! WFFY1WFXW 

#
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56/ &)(/#'(%#/ #/<)/:2 I#/2/*(/+ )* /'86 2/8()"* 26": (6/ )*(/#/2( (6'( 8'##)/2 (6/ 28)/*().)8 

)*(/#*'()"*'& 8"$$%*)(- "* =/"I"&-$/# '2 3%)&+)*= $'(/#)'&2? 3%( '&2" 6)=6&)=6(2 ' &'80 ". 

=/*/#'& 0*":&/+=/ "* $'(/#)'&2 3'2/+ "*&- "* $/('0'"&)*? $')*&- '3"%( 8)<)& /*=)*//#)*= 

2('*+'#+2? )*+%2(#)'& 'II&)8'()"*2? '*+ +%#'3)&)(- )22%/2; 

 

56/ +)</#2)(- ". (6/ #': $'(/#)'&2 '*+ (6/ =/"I"&-$/#)2'()"*? :6)86 )2 *"( -/( .%&&- 

%*+/#2(""+? :"*+/#/+ '3"%( (6/ #/I#"+%8)3)&)(- '*+ (6/ I"22)3&/ 8"$I'#)2"* ". (6/ #/2%&(2 

I#/2/*(/+ )* (6/ &)(/#'(%#/; D* '++)()"*? '2 (6/ #/'8()"* '*+ (6/ ."#$%&'()"* ". =/"I"&-$/# '#/ 

</#- +)../#/*( .#"$ (6"2/ ". 8/$/*(? )*(/##"='()"*2 'II/'#/+ '3"%( (6/ 8)<)& /*=)*//#)*= 8"+/2 

'*+ 2('*+'#+2; 56/ "32/#<'()"* ". (6/ r8/$/*( .#//r 3%)&+)*= 8"*2(#%8()"*2 8%##/*(&- 

I/#."#$/+ :"#&+:)+/ +/$"*2(#'(/+ (6/ I"(/*()'& ". '&0'&)1'8()<'(/+ $'(/#)'&2 3%( 26":2 ' 

</#- &": %()&)2'()"* ". (6/ $/('0'"&)*; 7%#(6/#$"#/? &)(/#'(%#/2 "* $/('0'"&)*13'2/+ 2-2(/$2 

'#/ *"( 8"*8&%2)</ 8"*8/#*)*= 2"$/ +%#'3)&)(- )22%/2 ". (6/2/ $'(/#)'&2? /2I/8)'&&- :6/* 

'&0'&)2 '#/ )*<"&</+ &)0/ )* 8'#3"*'()"* "# '&0'&)12)&)8' #/'8()"* ,H]V4; V/='#+)*= (6/ 

8'#3"*'()"* #/'8()"*? )( 'II/'#2 (6'( (6/ #)20 ". /..&"#/28/*8/ )2 #/'&? 6":/</# (6/#/ )2 *" 

)*."#$'()"* '3"%( (6/ /<"&%()"* ". (6/ IK ". (6/ I"#/ 2"&%()"* "</# ()$/? '*+ (6%2 "* (6/ #)20 

". 8"##"2)"* ". #/)*."#8/$/*( 3- 8'#3"*'()"*; 7)*'&&-? (6/ #/2%&(2 ."%*+ "* (6/ 3/6'<)"%# ". 

=/"I"&-$/# )* I#/2/*8/ ". #/'8()</ '==#/='(/2 (" H]V +" *"( '&&": (" #%&/ '3"%( (6/)# '3)&)(- 

(" #/2)2( '=')*2( (6)2 #/'8()"*; 

 

56/ "3p/8()</ ". (6)2 (6/2)2 :'2 (6/#/."#/ (" '22/22 (6/ '3)&)(- ". $/('0'"&)*13'2/+ 

=/"I"&-$/# (" 2%32()(%(/ (#'+)()"*'& >"#(&'*+ 8/$/*( ."# (6/ I#"+%8()"* ". +%#'3&/ 8"*8#/(/ 

2(#%8(%#/2; 56%2? (6#// '2I/8(2 6'</ 3//* (#/'(/+! 

 

· A!1*12O/!%:#61%/(2&$01,#16#&,#!660.0!,$#40,-!%#H<5&*$!%#cJ 

· A!1*12O/!%#.1,.%!$!:#6%1/#62(0-#$1#-%O#.1,.%!$!"#H<5&*$!%#ccJ 

· C(%&4020$O:#$5!#6&$!#16#&28&20"#H<5&*$!%#ccc#&,-#cUJ 

#

<5&*$!%# c :'2 +/<"(/+ (" (6/ ."#$%&'()"* '*+ 86'#'8(/#)2'()"* ". $/('0'"&)*13'2/+ 

=/"I"&-$/#;  
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N'2/+ "* (6/ &)(/#'(%#/? (6/ )$I"#('*8/ ". (6/ I#"I"#()"*2 ". (6/ ."%# $')* 8"$I"*/*(2 ". (6)2 

$'(/#)'&? ])JF? H&FJX? c'FJ '*+ KFJ "* (6/ .)*'& 2(#/*=(6 "3(')*/+ :'2 26":* '*+ 6'2 &/+ (" 

'* "I()$'& ."#$%&'()"*; D( :'2 *"(/+ (6'( (6/ 8"$I#/22)</ 2(#/*=(6 "3(')*/+ :)(6 (6)2 

."#$%&'()"* :'2 '( &/'2( /R%'& (" (6'( ". ' ABC D EF;E '*+ "(6/# 86'#'8(/#)2()82? 2%86 '2 

6'#+/*)*= 0)*/()82 "# .&/P%#'& 2(#/*=(6? #/</'&/+ 8&/'# '+<'*('=/2; H( (6/ 2'$/ ()$/? (6)2 2(%+- 

6'2 26":* (6'( (6/ 2('*+'#+ %2/+ ."# (6/ $'*%.'8(%#/ ". J>A $"#('# :'2 'II&)8'3&/ (" 

=/"I"&-$/#? '*+ I#"<)+/+ 2"$/ #/8"$$/*+'()"*2 ."# )$I#"</$/*(2;  

D* ' 2/8"*+ ()$/? I6-2)8'&? 86/$)8'& '*+ $"#I6"&"=)8'& 86'#'8(/#)2'()"*2 ". (6/ =/"I"&-$/# 

:/#/ %2/+ (" $'0/ 8"$I'#)2"*2? '( /R%)<'&/*( 2(#/*=(62? 3/(://* =/"I"&-$/#2 '*+ 8/$/*(; 

56%2 (6/ 2(%+)/2 '++#/22)*= (6/ #/'8()<)(-? (6/ 8"$I"2)()"* '*+ (6/ .#// :'(/# )* (6/2/ 2-2(/$2 

26":/+ */'#&- ("('& =/"I"&-$/#)2'()"* (6'( :'2 &/22 /P"(6/#$)8 (6'* 8/$/*( 6-+#'()"*? 

&/'+)*= (" (6/ ."#$'()"* ". ' 2(#%8(%#/ 6'<)*= ' %*)."#$? 2('3&/ '$"#I6"%2 I6'2/ 

8"##/2I"*+)*= (" (6/ rI%#/r =/"I"&-$/#? '*+ ' 8#-2('&&)*/ I6'2/ 8"##/2I"*+)*= (" (6/ 

)$I%#)()/2 .#"$ (6/ $/('0'"&)*; >'#()8%&'# )$I"#('*8/ :'2 =)</* (" (6/ 2(%+- ". (6/ I"#"%2 

*/(:"#0? (6/ /22/*()'& 86'#'8(/#)2()8 ". ' 3)*+/#? :6)86 26":/+ ' <"&%$/ '*+ ' I"#/ 

"#='*)2'()"* </#- +)../#/*( .#"$ (6"2/ )* J>A? +/2I)(/ (6/ 2)$)&'# 8"$I#/22)</ 2(#/*=(6; 

 

This study allowed to conclude that metakaolin-based geopolymers could actually be an 

effective solution for the formulation of cement-free, strong mortars. The use of impure 

metakaolin obtained by flash calcination revealed interesting properties, in agreement 

with the literature, but further studies on dissolution/reaction mechanisms of this 

metakaolin would be needed to obtain a full characterisation. 

 

<5&*$!%# cc#:'2# ."8%2/+ "* (6/ 2(%+- ". =/"I"&-$/# 8"*8#/(/2 3'2/+ "* $/('0'"&)*? (" 

+/(/#$)*/ :6'( 'II&)8'()"*2 :"%&+ 3/ '86)/<'3&/? '*+ (" 2// :6/(6/# 2"$/ 8/$/*( 2('*+'#+2 

8"%&+ 3/ 'II&)/+ (" (6/2/ $'(#)8/2;  

 

7)#2(? ' 2(%+- :'2 8"*+%8(/+ "* (6/ ."#$%&'()"* ". (6/2/ 8"*8#/(/2 (" '22/22 (6/)# :"#0'3)&)(-? 

I"#"2)(- '*+ 8"$I#/22)</ 2(#/*=(6; 56/ 2(%+- ". 3"(6 .#/26 '*+ 6'#+/*/+ 2('(/2 ". =/"I"&-$/# 

8"*8#/(/2 #/</'&/+ ' :)+/ #'*=/ ". 'II&)8'()"*2? .#"$ .&%)+ 8"*8#/(/ 2%)('3&/ ."# (6/ 

I#"+%8()"* ". #/)*."#8/+ 2(#%8(%#/2? (" </#- +#- 8"*8#/(/ %2/+ (" I#"+%8/ $'2"*#- %*)(2; D( 

:'2 '&2" 26":* (6'( =/"I"&-$/# 8"*8#/(/2 8"%&+ 6'</ 2)$)&'# $/86'*)8'& I#"I/#()/2 (" 

8/$/*()()"%2 8"*8#/(/2? +/2I)(/ ' &'#=/# I"#"2)(-;  
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56/ #'*=/ ". (6/"#/()8'&&- ./'2)3&/ 'II&)8'()"*2 :'2 (6/ $')* 2%3p/8( ". (6/ 2/8"*+ I'#( ". (6)2 

2(%+-? :)(6 (6/ .'3#)8'()"* ". .&%)+ '*+ +#- 8"*8#/(/2; D( :'2 (6%2 26":* (6'( (6/ 8"*2)2(/*8- 

8&'22/2 ". 8/$/*( 2('*+'#+2 8"%&+ 3/ 'II&)/+ (" $/('0'"&)*13'2/+ =/"I"&-$/# 8"*8#/(/ 

'8()<'(/+ 3- 2"+)%$ 2)&)8'(/? ."# (6/ $'*%.'8(%#/ ". #/)*."#8/+ 2(#%8(%#/2 '*+ $'2"*#- %*)(2 

:)(6 I#"I/# /R%)I$/*(; 

 

This works have demonstrated that a wide range of applications were achievable with 

geopolymer based metakaolin and have also highlighted that it was quite possible to use 

them in precast plant made for OPC. 

 

<5&*$!%# ccc#6'+ '22/22/+ (6/ I"(/*()'& #)20 ". +%#'3)&)(- &)*0/+ (" (6/ I#/2/*8/ ". 8'#3"* 

+)"P)+/ .#"$ (6/ ')# "* $/('0'"&)*13'2/+ =/"I"&-$/#; 

 

H IK 2(%+- ". (6/ =/"I"&-$/# I"#/ 2"&%()"* 26":/+ )(2 </#- .'2( +/8#/'2/ 8"$I'#/+ (" J>A? 

:)(6 '&$"2( ("('& 8'#3"*'()"* '.(/# "*&- WY +'-2; D* *'(%#'& '($"2I6/#)8 AJF 8"*+)()"*2 ,F_eA 

'*+ \E9 V;K;4? )( :'2 ."%*+ (6'( (6/ ."#$'()"* ". 2"+)%$ 8'#3"*'(/ +)+ *"( &/'+ (" ' +/8#/'2/ 

". (6/ IK 3/&": ' <'&%/ ". W_;E '( "*/ -/'#? (6%2 &)$)()*= (6/ #)20 ". 8"##"2)"* 3- 

+/I'22)<'()"* ". (6/ #/)*."#8/$/*(; H 2(%+- ". '88/&/#'(/+ 8'#3"*'()"* I/#."#$/+ %*+/# '* 

'($"2I6/#/ '( E_9 ". AJF 6)=6&)=6(/+ ' +)../#/*( /R%)&)3#)%$ ". (6/ 2"+)%$ 8'#3"*'(/ 

I6'2/2? #/2%&()*= )* (6/ ."#$'()"* ". &'#=/ '$"%*(2 ". 2"+)%$ 3)8'#3"*'(/ #/2I"*2)3&/ ."# ' 

&":/# IK ". (6/ I"#/ 2"&%()"*? '*+ ' I"(/*()'& #)20 ". 8"##"2)"* 3- 8'#3"*'()"*; 56'( #/2%&( 

+/$"*2(#'(/+ (6'( (6/ '88/&/#'(/+ 8'#3"*'()"* (/2( 6'+ </#- &)$)(/+ %2/.%&*/22 ."# (6/ 

$)P(%#/2 2(%+)/+? =)</* (6/ #'I)+)(- ". (6/ *'(%#'& #/'8()"* '*+ (6/ .'8( (6'( )( &/+ (" +)../#/*( 

#/'8()"* I#"+%8(2? *"( #/I#/2/*('()</ ". (6/ *'(%#'& #/'8()"*;  

]/8"*+&-? (6/ 2(%+- ". /..&"#/28/*8/ 8'##)/+ "%( 3- 2/$)1)$$/#2)"* (/2(2 )* *'(%#'& "# 

'88/&/#'(/+ 8"*+)()"*2 8"*.)#$/+ (6/ +)../#/*( *'(%#/ ". (6/ 8#-2('&2 ."#$/+ ,2"+)%$ 

8'#3"*'(/ "# 3)8'#3"*'(/4? 3%( 26":/+ *" 2)=*).)8'*( +)../#/*8/ "* (6/ '$"%*( ". 

/..&"#/28/*8/ ."#$/+; 56/ 2(%+- ". I'#'$/(/#2 (6'( 8'* )*.&%/*8/ (6/ =#":(6 ". 2"+)%$ 

8'#3"*'(/? )* *'(%#'& 8"*+)()"*2? #/</'&/+ (6'( (6/ *'(%#/ ". (6/ '&0'&) %2/+ (" $'0/ (6/ 

=/"I"&-$/# )2 ' $'p"# )22%/? '2 (6/ %2/ ". I"('22)%$ )*2(/'+ ". 2"+)%$ /&)$)*'(/+ (6/ 

."#$'()"* ". /..&"#/28/*8/; 7%#(6/#$"#/ (6/ 2('(/ ". (6/ 2%#.'8/ ". (6/ =/"I"&-$/# :'2 26":* 

(" 6'</ ' 2(#"*= )*.&%/*8/ "* (6/ /..&"#/28/*8/? '2 :'2 ' 6/'( (#/'($/*(? 3%( *"*/ ". (6/ 

/..&"#/28/*8/ #/+%8)*= '=/*(2 ,BVH4 (/2(/+ #/+%8/+ (6/ 'II/'#'*8/ ". 8#-2('&2 )* ' 2"+)%$1

3'2/+ 2-2(/$; 
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&

This study therefore allowed to conclude that, unlike the cement matrix, carbonation 

would not represent a durability issue in geopolymer concretes, regarding corrosion of 

reinforcement. Conversely, it appeared that the efflorescence, in addition to an aesthetic 

problem, could lead to severe surface damages in these systems. This study also provided 

an innovative experimental approach to assess the impact of carbonation in the 

metakaolin-based geopolymer matrix, which would be interesting to pursue and expand 

to other alkali-activated materials. 

 

<5&*$!%# cU#:'2 +/<"(/+ (" (6/ #)20 '22/22$/*( (6'( 8"%&+ 3/ )*+%8/+ 3- (6/ '&0'&)12)&)8' 

#/'8()"* ,H]V4 )* $/('0'"&)*13'2/+ =/"I"&-$/#2; 

 

56/ 3/6'<)"%# ". =/"I"&-$/# )* I#/2/*8/ ". #/'8()</ '==#/='(/2 :'2 .)#2( )*</2()='(/+ 3- 

$"*)("#)*= (6/ +)$/*2)"* 86'*=/2 '*+ (6/ +-*'$)8 $"+%&%2 ". (6/ 2I/8)$/*2 I&'8/+ )* 

'88/&/#'(/+ 8"*+)()"*2 '( Z_eA '*+ \E9 V;K; ."# %I (" FE_ +'-2; ]BC '*+ BQb '*'&-2/2 

:/#/ '&2" I/#."#$/+ '( W^_ +'-2 (" <)2%'&)2/ (6/ */:&- ."#$/+ I#"+%8(2; H 8"$I'#)2"* :)(6 

'* "#+)*'#- >"#(&'*+ 8/$/*( ,J>A4 :'2 $'+/ ."# '&& '==#/='(/2 (" /*2%#/ (6/)# '&0'&)12)&)8' 

#/'8()<)(- '*+ 8"$I'#/ 6": (6/ H]V 6'+ '../8(/+ (6/2/ (:" 2-2(/$2; V/2%&(2 26":/+ (6'( 

=/"I"&-$/#2? '&(6"%=6 (6/- 8"*(')*/+ 6)=6 8"*8/*(#'()"*2 ". '&0'&)2? :/#/ $"#/ '3&/ (" #/2)2( 

H]V (6'* J>A :'2? '*+ *" 86'#'8(/#)2()8 2:/&&)*= "# '*- 2)=*).)8'*( &"22 ". #)=)+)(- :'2 

"32/#</+ ."# (6/ =/"I"&-$/# 2I/8)$/*2; H* /P8/I()"* :'2 */</#(6/&/22 *"(/+ ."# (6/ $"#('# 

$'+/ :)(6 8#%26/+ =&'22 2'*+? :6/#/ ' 2)=*).)8'*( +#"I )* #)=)+)(- :'2 ."%*+ :)(6 (6/ 

I#/2/*8/ ". ' =/& &'-/# '( (6/ 2%#.'8/ ". (6/ =&'22 =#')*2 3%( :)(6"%( '*- 2:/&&)*=;  

 

D* ' 2/8"*+ I'#(? +)$/*2)"*'& 86'*=/ $/'2%#/$/*(2 "* =/"I"&-$/# $"#('# 2I/8)$/*2 

8"*(')*)*= 6)=6&- #/'8()</ 2'*+ ,"I'&? 0*":* '2 "*/ ". (6/ $"2( #/'8()</ '==#/='(/2 #/='#+)*= 

H]V4 )* <'#)"%2 '88/&/#'(/+ (/2( 8"*+)()"*2 ,8%#)*=? (/$I/#'(%#/? +)$/*2)"*2 ". 2I/8)$/*24 

/*2%#/+ (6/ #/&)'3)&)(- ". (6/ I#/<)"%2 #/2%&(2 3- 26":)*= (6'(? :6'(/</# (6/ 8"*+)()"*2 ". (6/ 

'88/&/#'(/+ (/2(? *" 2:/&&)*= 'II/'#/+; c"*/(6/&/22? )( :'2 *"(/+ (6'( ' *"*1*/=&)=)3&/ 

/PI'*2)"* ,k _;W94 'II/'#/+ :6/* (6/ 2I/8)$/*2 :/#/ )$$/#2/+ )* ' WC c'JK 2"&%()"*? 

3%( (6)2 2:/&&)*= "88%##/+ '.(/# WE_ +'-2 ". )$$/#2)"* '=')*2( &/22 (6'* ^ +'-2 ."# J>A; 56)2 

8"*.)#$/+ '=')* ' 3/((/# #/2)2('*8/ ". =/"I"&-$/# $'(#)8/2 (" H]V; 7)*'&&-? *"*1'88/&/#'(/+ 

(/2()*= '&&":/+ %2 (" 8"*8&%+/ (6'(? +/2I)(/ (6/ =#/'(/# "# &/22/# 2/</#)(- ". (6/ (/2(2 %2/+? 

=/"I"&-$/#2 #/2)2( H]V 3/((/# (6'* J>A +"/2; 
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This last chapter demonstrated that, unlike cement, alkali-silica reaction is not harmful 

to geopolymer based on metakaolin. This study highlighted a potential application of 

geopolymer by showing that it could be used with reactive aggregates without causing 

damage. However, the several hypotheses submitted to try to explain the absence of 

damage due to ASR in this geopolymer system would require to be validated by further 

studies. 

 

G!%"*!.$09!"#

56/ 8"*(#)3%()"* ". (6/ 0*":&/+=/ ". (6/ $/('0'"&)*13'2/+ =/"I"&-$/# I#"<)+/+ 3- (6)2 

(6/2)2 &/'+2 (" <'#)"%2 I/#2I/8()</2 ."# .%(%#/ 2(%+)/2? ."8%2/+ "* (6/ 28)/*().)8 %*+/#2('*+)*= 

". (6)2 $'(/#)'&? "# "* 2I/8).)8 )*+%2(#)'& )22%/2; H$"*= (6/$! 

 

L.0!,$060.#*(%*1"!#

· T)</* (6'( (6)2 2(%+- 6'2 $')*&- 3//* '86)/</+ %2)*= "*/ 2"%#8/ ". $/('0'"&)* '*+ ' 

2)*=&/ 8"$I"2)()"* ". '8()<'()"* 2"&%()"*? )( :"%&+ 3/ )*(/#/2()*= (" 8"*2)+/# "(6/# 

$/('0'"&)*? /;=; $"2( I%#/ "# :)(6 +)../#/*( .)*/22/2? "# "(6/# 2"%#8/2 ". '8()<'()"*? 

&)0/ I"('22)%$? )* "#+/# (" 2// (6/ )*.&%/*8/ "* (6/ I#"I/#()/2 2(%+)/+; 56/ $')* 

I%#I"2/ :"%&+ 3/ (" I#/+)8( (6/ .)*'& I#"I/#()/2 ". (6/ =/"I"&-$/# :6'(/</# (6/ #': 

$'(/#)'&2 %2/+; 

· H 2(%+- :"%&+ '&2" 3/ #/R%)#/+ )* "#+/# (" 3/((/# %*+/#2('*+ (6/ #"&/ '*+ (6/ .'(/ ". 

'&0'&)2 )* (6/ 6'#+/*/+ 2-2(/$? $')*&- ."# (6/ 2(%+- ". /..&"#/28/*8/? :6)86 #/$')*2 ' 

$'p"# +%#'3)&)(- )22%/ ."# (6/2/ $'(/#)'&2; 

 

c,-("$%0&2#*(%*1"!#

· T)</* (6/ #/'& '+<'*('=/ (6'* #/I#/2/*(2 ' 3)*+/# (6'( +"/2 *"( #/'8( :)(6 '==#/='(/2 

#/'8()</ (" H]V? .%#(6/# 2(%+- "* $'22)</ 2(#%8(%#/2 $)=6( #/</'& </#- )*(/#/2()*= 

'II&)8'()"*2 )* (6/ 8"*2(#%8()"* '#/'2 '../8(/+ 3- (6)2 #/'8()"*; 56/ 2'$/ 8"*8&%2)"* 

8"%&+ 3/ $'+/ ."# 2(#%8(%#/2 )$I'8(/+ 3- (6/ 8"##"2)"* 3- 8'#3"*'()"*; 

· V/='#+)*= (6/ I#)8/ ". (6/ =/"I"&-$/# 8"*8#/(/ 8'&8%&'(/+ )* (6)2 2(%+-? )( :"%&+ 3/ 

)*(/#/2()*= (" +/</&"I I#"+%8(2 ."# 2I/8).)8 'II&)8'()"*2 :6/#/ (6/ 8/$/*( )2 *"( 

/..)8)/*(? /;=; 8"*8#/(/2 #/2)2('*( (" 6)=6 (/$I/#'(%#/2;#

#
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'&;? F_WW4 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; X^ 

(,=#)&%F7 A"$I#/22)</ 2(#/*=(62 ". =/"I"&-$/# 2I/8)$/*2 2-*(6/2)2/+ '( .)</ +)../#/*( ])aH& 
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